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Research  included  efforts  in  several  areas  of  digital  communications,  namely 
spread-spectrum  code  design  and  sync  acquisition,  burst  communications,  network 
synchronization,  radar  pulse  compression  desions,  communication  over  <*'messy"  charl 
and  certain  topics  in  system  theory  and  signal  processing.  Significant  progress 
has  been  made  in  most  of  these  areas,  with  virtually  none  of  the  proposed  probl 
having  been  found  totally  intractable.  Throughout  the  duration  of  this  contract 
the  reportino  objective  has  been  to  place  research  results  in  the  open  literature 
where  they  will  be  available  to  all.  Accordingly,  this  final  report  consists  in 


ert 


rrrr 


araKTEjf 

3  2  12 


ne  1  s  , 
is 

a  roe 


edition  o6/.  Sf&A  UnaerS“-  a,0np  Wtth  theiT  abstraTJ 


U  i 


‘■.FrukiTY  r*  AA4ir»r  At»nw  nr  tm»<  *»A«r  t\ 


fiutm  reloraWI 


COMMUNICATION  SCIENCES 

INSTITUTE 


|PilP 


University  of  Southern  California 
Electrical  Engineering  ~  Systems 
Los  Angeles,  California  90089-0272 


ABSBABCH  IM  DIGITAL  COMMUNICATIONS 

k.A.bcnoit.2  &ua  L .n.hilveraan 
Principal  Investigators 
ilectricax  Luyineermg  Department 
University  or  fouthera  Calitoraia 
Los  Angeles,  CA  90U89— 0272 
a  r’inal  hep  ore  ou 
Contract  Mo.  DAAG2S-79-C-0054 

with  the 

iriy  Base arch  otfice 
P.O.Box  12211 
fcesearca  Triangle  Pack 
Morth  Carolina  27709 


September  1982 


INTRODUCTION 


4 


TABLE  OF  CONTENTS 

PBfiSOMNEi.  b 

RESEARCH  RESULTS 

A.  Synch romzation  and  Multiplying 

in  Digital  Communications  b 

B.  Optical  Coast  unications  11 

C.  Properties  ot  Sequences  with  Special 

Recursion  ana  Correlation  Properties  IS 

D.  Results  in  Conninatoriai  analysis 

and  N uater  Theory  Applicanxe  to  Research 

in  Coded  Co a a uni cat ions  20 

tm  Mathematical  Models  ot  basic  Physical 

Phenomena  22 

F.  Adaptive  Notch  Filtering  tor  Spectral 

Line  Estimations  23 

&•  Stochastic  Realization  and  nigh— Resolution 

Spectral  Estimation  2o 

H.  Model  Seduction  via  Singular  Value 

Decomposition  2d 

I.  Network  Syncnrunization  31 

J.  Applications  of  Runner  Theoretic  Transforms  41 

K.  Frame  Synchronization  47 

L.  Spread  Spectrum  Signal  Design  48 

B.  Spread  Spectrum  Communications  History  51 

N.  Sensor  Array  Processing  51 

0*  Approximation  of  Systems  and  Signals  51 

P*  Code  Tracking  ot  Spread  Spectrum 

Wave tor ms  55 

fc.  Tracking  of  Digitally  Modulated  Signals  St» 


3 


fr.  PertOi.aa.nce  oi  Spread  Spec t run  Sjsteas 

in  A  Mutt  ip  re  Access  Lnvtconaent  57 

S.  Acquisition  or  Spteaa  Spectrus  Waveiorts  5* 

T-  Sinar y  Sequences  with  flora  Autocorrelation 

Values  64 

U.  Spectral  Shaping  oy  hedundancy  65 

V.  Coe nr tutorial  Searches  tor  Good  Codes  66 


On  Hatch  1b,  197b,  a  group  of  investigators  at  tne  University  or 

Southern  Cantor nia  began  worn  in  digital  communications  under  a  large 
research  contract  iron  the  A ray  research  Office.  This  grant  was  the 

outgrowth  of  efforts  to  combine  several  smaller  grants  for 

adeiuistratxve  purposes  and  to  encourage  collaboration  on  research 
pros  less  of  significant:  interest  to  tne  fray.  Inis  first  blocx 

contract  was  for  a  duration  of  three  years,  ending  on  (larch  14,  1942. 

Due  to  delays  in  tne  rundmg  of  a  follow-on  contract,  tne  initial 
ending  date  was  extended  with  adued  costs  to  August  31,  1902. 

The  original  proposal,  a  joint  effort  ot  ten  co-principal 

investigators,  (see  section  XI)  included  efforts  in  several  areas  or 
interest,  naaely  spread— e>pectrum  code  design  and  sync  acquisition, 
burst  communications,  network,  synchronization,  radar  pulse  compression 
designs,  communication  over  "messy"  channels,  and  certain  topics  in 
systea  theory  and  signal  processing.  Significant  progress  has  been 
sade  in  aost  c£  these  areas,  with  virtually  none  of  the  proposed 

problems  having  been  found  totally  intractable.  Bather,  our  major 
research  difficulties  have  arisen  iron  limited  resources,  naaely  time, 
research  assistants,  and  computer  facilities.  Improvements  in  the 
latter  two  items  have  been  included  in  the  follow-on  grant, 

DAA6— 29— 82— K-0142,  which  commenced  September  1,  1982. 

This  initial  contract  aud  the  organization  which  it  imposed  on  the 
faculty,  was  one  driving  force  iu  the  forma tioa  ot  a  Coaausacation 

Sciences  institute  at  UaC.  Hopefully  the  Cal  structure  will 


facilitate  the  a us in is  elation  aua  direction  of  future  researcn  efforts 
in  cossuiiications. 

ihrougaout  tae  duration  of  this  contract*  our  reporting  objective  has 
seen  to  place  researcn  results  in  tae  open  literature  vnere  taey  will 
be  available  to  all.  Accordingly*  section  111  of  this  final  report 
consists  of  a  listing  of  papers  produced  under  tnis  contract*  along 
with  their  abstracts. 
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la  tala  task  several  problems  were  examined  la  the  areas  o£ 


synchronization,  timing,  and  multiplexing  in  digital  systems.  The 
sajor  effort  was  iu  the  area  of  multiplexing  multiple,  independent 
data  links  over  a  common  quadrature  channel,  The  study  produced  one 
paper  and  is  the  topic  of  the  Ph.D.  dissertation  of  H.  Anderson 
presently  under  preparation,  the  primary  onjective  was  to  deteraine 
the  degradation  effect,  of  sending  more  than  two  data  streams  over  a 
generalized  QPSK  channex.  Several  encoding  ana  optimal  decoding 
scnemes  were  considered  and  perrormance  levels  were  computed  in  terms 
of  error  probabilities  and  increased  channel  capacities. 

A  study  of  poase  referencing  rn  BPSK  systems,  using  Costas  loops 
augmented  by  auxiliary  gain  control  loops,  was  also  completed. 

******************** 

—  B.  Gagliardi,  and  fi.  Anderson,  "A— Link  Multiplexing  and 
demodulation  for  the  Quadrature  Channel1*,  Proc.  of  the 
National  Telecommunications  Conference,  nouston,  Texas,  Dec. 

1*60.  (10  copies  sent  with  prior  report) 

In  QPSK  signaling  two  independent  data  streams  are  transmitted  over  a 
single  carrier  channel  by  separately  encoding  each  on  to  a  quadrature 
component  of  the  carrier.  In  this  paper  we  investigate  the 
possibility  of  encoding  A  independent  (aurr-synchronizea  ana  unrelated 
in  data  rate)  bit  streams  simultaneously  over  tne  sane  quadrature 
channel.  The  multiplexing  cau  Le  viewed  as  the  generation  of  a  phase 


modulated  carrxtr  wh *ch  cuu  pa ase  sni it  at  any  instant  according  to 
toe  oit  sequences.,  decoding  c<j>  be  viewed  as  separate  pnase  coherent 
decodiny  of  each  bx t  stream,  or  eguivaxentxy  ,  as  a  mapping  of  the 
quadrature  waverorns  auto  H—xoia  vector  estimates  ot  the  oxt 
sequences.  It  shown  that  the  entire  modulation  and  demodulation 
can  he  conveniently  viewed  in  terms  of  signal  vectors  in  2-dimensional 
signal  spacer  where  the  advantages  of  the  various  encoding  formats  is 
clearly  depicted.  Per romance  results  for  tne  case  flsj  are  presen tea. 

************* ******* 

—  h.  Anderson ,  syncnronous  tluitipAerino  tor  the  Digital 

Quadrature  Cn camel,  dissertation  to  be  presented  to  the 
Electrical  Engineering  department ,  University  of  Soutnern 
California »  Pali  1i ioz  (m  preparation)  . 

The  communication  prooiea  we  wish  to  stuay  is  tnat  of  a  digital 
communication  linn,  servicing  multiple  independent,  asynchronous  users 
over  a  single,  common,  quadrature  cnannel.  a  quadrature  channel  is 
one  using  a  single  carrier  that  cao  be  either  amplitude  and/or  phase 
modulated  for  data  transmission.  Tne  multiple  users  communicate  over 
this  common  channel  by  having  their  data  hits  encoded  onto  the 
quadrature  carrier.  If  the  data  oits  were  all  aligned  and 
synchronized,  communication  can  occur  via  standard  block  encoding 
scnemes,  sucn  as  multiple-level  pnase  snift  keying  or  amplitude  snitt 
keying,  aud  performance  of  such  systems  is  well  documented.  When  tne 
user  data  is  not  synchronized,  carrier  encoding  and  receiver  decoding 
procedures  ace  no  longer  envious,  and  performance  cannot  oe  readily 
determined  from  synchronous  resuits. 


11  only  two  iibeis  were  to  be  accommodated  on  a  quadrature  cnauuel, 
asynchronous  communication  can  be  attained  using  quadrature  phase 
shift  keying  (^PiK)  .  Tne  two  data  sources  can  be  orthogonally 
segmented  during  transmission  ana  no  eltect  or  either  source  appears 
in  the  other  aecoaer.  wnen  more  than  two  users  are  involved  in  a 
quadrature  channel,  they  can  no  longer  be  orthogonal,  ana  some  degree 
or  cross-coupling  occurs  during  mutual  decoding.  The  procedures  lor 
encoding  and  decoding  asynchronous  users  must  therefore  be 
re— examined,  and  subsequent  performance  levels  must  be  computed. 

Xu  this  dissertation  we  will  study,  m  general  terms,  techniques  ol 
encoding  n  (u>2)  independent  bit  streams  simultaneously  over  the  same 
quadrature  Channel.  In  particular,  we  are  interested  in  the  case 
where  each  receiver  is  interested  only  in  decipherinq  messages  from 
its  transmitter  pair,  ona  each  transmitter  source  is  interested  only 
in  communicating  messages  to  its  receiver  pair.  Various  types  of 
modulation,  or  signalling  techniques  will  be  presented  with  the 
ultimate  objective  or  presenting  comprehensive  performance 
capabilities  of  each  technique  as  well  as  to  study  optimal  receiver 
configurations  for  them'.  Three  critical  performance  parameters  are 
utilized  to  assess  link  performance;  bit  error  rate  (b£fi)  performance 
versus  the  signal  to  noise  ration,  tne  occupied  spectral  bandwidth  and 
the  statistical  channel  capacity. 

*************** ***** 

—  h  •  Gagliardi,  ‘‘Coupled  AGC-Costas  Loops  with  Ah/PS 
Conversions",  1LS£  Ira  ns.  on  Communications .  Vol.  id,  no.  1, 
January  I960.  (30  copies  sent  with  prior  report) 


Costas  loops  are  invariably  designed  in  conjunction  with  an  automatic 


yarn  control  (*GC)  loop  for  staouizi&y  performance .  In  such  systems 
an  inneient  coupling  between  the  AGC  and  Costas  loops  uevelops, 
complicating  the  stand ara  phase  referencing  analysis.  l‘his  coupling 
is  furtner  emphasized  if  the  gain  control  amplifier  introduces  an 
Att/PM  conversion,  which  causes  power  variations  to  enter  the  Costas 
loop  as  phase  variations.  In  this  paper  the  coupling  effect  between 
AGC  and  Costas  loops  is  developed,  leading  to  a  pair  of  going 
interconnected  dynamical  tracking  loops.  Some  degree  of  solution  is 
attaxnaoie  oy  assuming  a  first  order  aGC  loop,  anu  resorting  to 
quasi— stationary  analysis  tor  evaluating  tne  phase  referencing 
generation.  Results  wxth  and  without  Arf/F-rt  «r «  presented,  and 
illustrate  now  an  improper  AGC  may  in  tact  degrade  tne  phase 
referencing  from  the  expected  performance. 

B.  OPTICAL  COMMPNICATIOMS 

In  this  task  problems  associated  with  encoding,  decoding,  and  pointing 
methods  tor  future  generation  optical  communication  systems  were 
studied.  Results  were  ootained  in  tne  areas  of  encoding  and  decoding 
of  optical  PPM,  statistical  receiver  modeling,  receiver  performance, 
optical  beam  pointing  and  tracking,  and  possible  future  applications 
of  laser  communications. 

******************** 

—  G.  Prati,  and  R.  Gagliardi,  "Block  tncuuing  and  Decerning  for 
the  Optical  PPM  Channel",  Ifchh  lrans.  on  Information  theory. 

Vol.  IT— 2a,  No.  1,  January  1*62,  pp.  Iuj—  10b.  (aO  copies 
sent  with  prior  report) 


Pulse  position  modulation  I PPrt)  is  a  popular  signaling  format  in 


pulsed  optical  communication  links.  PPM  encoding  is  extended  to 
include  block  pulse  encoding  ovei  multiple  PPM  frames.  Maximum 
livelihood  decoding  operations  assuciatea  with  this  encoding  are 
developed  roc  bctn  shot— noise  limited  and  thermal— noise  limited 
optical  receiver  models.  doth  ideal  (Poisson)  and  avalanche 
pnotodetectors  are  considered,  and  it  is  suovn  tnat  optimal  block 
decoders  involve  combinations  of  linear  and  quadratic  operations. 
£rror  probability  bounds  are  presented,  showing  the  relative 
improvement  in  detectability  tnat  appears  possible  by  resorting  to 
block  encoding  over  multiple  frames. 

******************** 

—  h.  uagliardi  and  G.  Prati,  M0n  Gaussian  fcrror  Probabilities 
in  Optical  Receivers**,  1B££  Trans,  on  Comumcat ions .  Vol. 
COM-b,  Sept.  iy»0.  (30  copies  sent  with  prior  report) 

The  output  voltage  of  an  optical  receiver  is  statistically  a  mixture 
random  variable,  composed  of  the  sum  of  a  discrete  count  variable  and 
a  continuous  Gaussian  thermal  noise  variable.  Based  on  some  computer 
analyses,  it  is  shown  here  that  threshold  crossing  probabilities  using 
the  mixture  density  can  be  reliably  approximated  by  integrations  ox  an 
equivalent  continuous  Gaussian  density.  The  conditions  for  tais 
approximation  and  an  accurate  assessment  of  its  error  are  derived. 

******************** 

—  a.  Gagliardx,  "trror  Probabilities  in  Lasercoa  PPM  Systems'*, 

Proceedings  of _ the  Motional  Telecommunications  Comer ence , 

!£££,  December  l^ai,  pp.  B 10 .  1.  1— n  10.1.2.  (20  copies  sent 


with  prior  report) 


in  laser  coma unication  (laser  com)  systems,  a  popular  signaling  scaeme 
is  the  use  oi  pulse  position  modulation  iPPc)  to  transmit  digital 
data.  Peri enhance  evaluation  then  depends  on  tne  resulting  bit  error 
probability,  as  with  any  digital  lint.  As  tie  encoding  methods  used 
witn  £PM  oeco me  more  complex,  tne  corresponding  error  prooability 
formulas  likewise  necome  sore  difficult  to  evaluate.  In  this  paper  we 
review  and  list  some  oasic  bit  error  prooabiiity  equations  that  can  be 
easily  evaluated  or  computed  tor  estimating  expected  system 
performance.  At  the  power  levels  usuaiiy  occurring  in  practice, 
photoelectron  counts  will  be  relatively  high  (>  50)  to  justify  the 

Gaussian  statistics  useu  in  the  computations. 

******************** 

—  R.  Gagliardi  and  tt.  Sheikh,  “Pointing  trror  Statistics  in 

Optical  beam  Tracking",  lEtE  Trans,  on  Aerospace _ and 

Electronic  Systems.  Vol.  ASS— lb,  mo.  5,  pp.  674-S82, 
September,  19d0.  (50  copies  sent  vita  prior  report) 

In  tracking  optical  beams  from  a  source,  a  pointing  error  signal  is 
derived  from  photodetecting  the  field  in  the  receiver  focal  plane. 
This  error  signal  is  then  used  in  some  manner  to  control  a  gimballed 
system  that  continually  points*  the  receiver  optics  toward  the  source. 
When  tne  source  field  undergoes  turbulent  transmission,  the  optical 
beam  is  attenuated  and  scattered,  and  the  field  is  randomly  defocused 
at  tne  receiver.  In  this  case  the  pointing  error  or  the  tracking 
system  will  evolve  as  a  random  vector  process  in  time,  statistically 
related  to  the  ruiiaom  scattering,  the  photodetection  process,  ana  the 
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dynamic  o  1  the  gimbailiny  system.  Such  vector  processes  have 
pronaoixity  densities  uat  satisty  well-known  dxllerentxal  equations. 
These  equations  are  derived  in  terms  ot  accepted  scattering  monels  ana 
tracking  systems,  assuming  quadrant— type  error  detectors  are  used  in 
the  local  plane.  Approximate  solutions  are  untamed  ana  analyzed  lor 
typical  operating  conditions,  and  the  manner  in  wnicn  tne  degree  ol 
scattering  aegrades  tne  entire  pointing  operation  is  shown. 

******************** 

—  h.B.  Gagliurdi,  "optical  Communications  lor  Deep  Space 

Satellite  Missions,"  Eroc. _ ol  the  SPIti.  nan  Diego, 

California,  Aug.  igbO.  (aU  copies  sent  witn  prior  report) 

Some  initial  con  slue  rat  ions  are  giveo  lor  an  tarth-orbiting  reiay 
system  using  optical  data  link  icom  deep  space  and  B £  links  to  ground. 
The  advantages  ol  such  a  system  ace  presented,  and  some  preliminary 
design  concepts  and  modulation  loraats  are  proposed.  Tne  tracking  aud 
pointing  problem  is  discussed  with  some  indication  of  capabilities  and 
limitations. 

The  use  of  laser  seams  ior  satellite  communications  is  now  being 
developed  as  a  viable  system  alternative,  recently  there  has  been 
interest  in  extending  these  optical  systems  to  deep  space  missions. 
Although  the  clear  weatnec  advantages  of  a  terrestrial  deep-space  link 
are  apparent,  the  deletorious  effect  of  atmosphere,  weather,  and 
turbulence  must  be  taken  into  account.  Tmese  eftects  combine  to 

i 

introduce  direct  attenuation,  possible  outage  times,  and  piace 
restrictions  on  tne  minimal  values  or  beam  widtns  and  pointing 
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accuracies.  A  system  tnai  retains  tue  optical  transmission  advantages 
while  avoiding  the  nazaras  of  Weather  etfects  is  the  emp-ioyaent  of  an 
optical  relay  system,  here  a  satellite  relay ,  located  outside  the 
earth's  atmosphere,  maintains  an  optical  receiver  tor  the  reception  of 
deep  space  transmissions.  Tne  optical  receiver  operates  in 
conjunction  with  an  SP  terrestrial  link,  tor  data  return  to  Barth.  Xn 
this  report  sose  preliminary  design  considerations,  performance 
capanilities,  and  apparent  problem  areas  are  presented  for  a 
nypotnetical  optical  deep  space-relay  system. 


******************** 


—  S .« .  Golem b,  "On  the  Classification  or  balanced  Binary 

n 

Sequences  of  Period  2  — V,  IE&S _ Trans,  on  Information 

Theory.  Voi.  IT— so.  No.  fa,  Nov.  1*80.  (h0  copies  sent  with 
prior  report) 


n 

Let  0  be  the  set  of  ail  binary  sequences  of  period  p»2  —1  containing 
(p*1) /2  ones  and  (p— 1)/2  zeros  per  period.  There  is  a  lattice  of 
interesting  subsets  of  U,  the  saalxest  of  which  is  set  PN  (tne 
maximum— length  linear  shift  register  sequences  of  period  p).  In 
betweeu  are  sets  witn  the  run  statistics  oi  PN,  with  tne  correlation 
properties  of  PN,  with  the  "span— a  property"  (that  every  nonzero 
suosequence  of  length  n  occurs  in  each  period),  and  otners.  Be suits 
concerning  the  interrealtionships  of  these  subsets  are  nonespty,  and 
conjectures  are  formulated  regarding  otaer  intersections  of  sunsets. 


16 


f'or  example,  it  is  connect  urea  tbat  du  span— ft  sequencer  with  the 
two— level  autocorrelation  property  ate  m  class  PM.  borne 

relationships  between  tun  properties  ana  correlation  properties  oi 
nin ary  sequences  ate  also  od tamed. 

—  0.  Cueng,  Properties  oh  sequences.  th.D.  Dissertation* 

Depart* ent  oi  hlectncal  hagineering,  Onxversxty  oi  southern 
California,  Los  Angeles,  CA,  piece mner  1981.  (1  copy  sent 
with  prior  report) 

Tne  aa 30 1  goal  oi  tms  reseaten  xs  to  develop  more  properties  about 
segue  rices.  several  interesting  topics  are  discussed,  which  include: 
1)  tne  relations  between  run  districutxons  ana  perxoaxc  auto¬ 
correlations,  2)  the  auto— correlation  propeties  or  span— n  sequences, 
j)  a  new  way  to  search  for  all  the  two— level  auto— correlation 

sequences  oi  certain  period,  4)  tne  cycles  periods  distributions  oi 
some  nonlinear  snirt  registers,  and  5)  Golo»o*s  sequences. 

✓ 

The  formula  which  relates  the  periodic  auto-correlations  and  run 

distrioutions  states  that  the  periodic  auto— correlations  can  be 
determined  from  the  number  or  various  kinds  of  suits  in  the  sequence, 
wnere  suite  is  tue  concept  deiineb  oy  tne  number  or  runs  and  tae 
length  of  the  vector  which  consists  of  these  runs*. 

The  span— ft  sequences  which  have  two-level  auto— correlations  nave  been 
interpreted  r  r  oa  both  the  high— oruer  auto-correlatioas  ana  the 
algebraic— no  mow  oipuic  function  sequences  point  of  view. 

By  using  the  results  about  cyclic  difference  set,  we  are  able  to  txuu 
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all  the  two-level  duto-cuxreiatiou  sequences  or  period  2bb.  There 
are,  in  total,  b*»  or  tn*a.  however,  none  or  tiiem  can  serve  as  tne 
counter— example  lor  Goioao's  conjectures.  Among  60  two— level 
auto— correlation  sequences  or  perxoa  127,  except  tor  IB  PH—  sequences, 
two  or  taetu  are  of  tne  aost  interest  oecause  taey  satisfy  the 
randomness  properties,  that  is,  they  are  counter-examples  tor  one  of 
Goloab's  conjectures. 

The  cycles  perioos  distrunut ions  of  the  nonlinear  shirt  registers 
vouse  feedback  functions  possess  certain  kinds  of  symmetry  are  very 
simple.  actually,  the  periods  of  tnese  cycles  are  always  the  factors 
of  an  integer  determine*!  ay  tue  feednacn  function,  had,  usually,  this 
kind  of  nonlinear  shift  registers  cannot  generate  a  de  Bruijn 
sequence. 

A  new  recursive  integer  sequence  is  defined  and  soae  statistical  data 
is  derived.  Tnese  data  snow  that  tais  sequence  possesses  the  random 
nature.  Its  simplified  version,  called  Goloab's  sequence,  is  studied 
in  detail.  Tne  cycle  structure  of  Golosh's  sequence  is  developed  and 
the  algorithms  to  construct  some  interesting  cycles  are  given. 

—  S.W.  Golono,  "Correlation  properties  of  Periodic  aud 
Aperiodic  Sequences,  aud  Applications  to  ftulti-Oser 
Systems",  in  Hew  Concepts  in  Buiti-User  Communication.  J.w. 
Skwirzynski,  eu.,  Sijitofr  &  inooruhoff  In  ternatioual 
Puh listers,  B.V.  Alpnen  aan  den  Kijn,  Tue  Netneilands,  1961, 
pp.  161—197,  (This  Dook  contains  the  complete  Proceedings  of 
'  the  3rd  NATO  Advanceu  stuoy  Institute.)  (2d  copies  enclosed 
vita  tuis  report) 
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When  two  people  wisn  to  speut  at  once,  we  may  ask  them  to  await  their 
turns,  or  to  hold  their  conversations  in  separate  rooms.  These  are 
examples  or  time  division  and  space  division  of  the  available  channel. 
Anotner  strategy  is  to  nave  them  sing  a  duet,  one  in  the  soprano  range 
ana  the  other  in  the  bass.  This  is  frequency  Qi vision  of  the  channel, 
and  it  your  ear  is  equipped  with  a  band— pass  filter,  you  can  tune  in 
to  one  or  the  other.  The  problem  of  code  aji-tfisjog  is  to  write  a  duet 
tor  two  tenors,  who  will  oe  occupying  the  same  regions  in  time,  space, 
and  frequency,  in  sucn  a  way  tnat  a  listener  can  choose  to  follow  one 
or  the  other  without  getting  contused.  And  it  you  can  solve  that 
proolem,  then  we  will  ask  you  to  try  your  hand  at  trios,  octets,  and 
the  Vienna  Boys*  Choir.  Would  it  help  to  have  each  one  of  them 
singing  a  different  language  ?  I  would  accept  that  as  an  attempt  at 
code  division  aultipie  access  (CDhAJ  .  lou  could  argue  that  if  you 
understand -only  one  of  the  languages  being  used,  how  could  the  others, 
which  you  don*t  understand,  possibly  contuse  you  ?  Well,  they  can.  A 
flippant  response  is  that  we  are  constantly  being  confused  by  the 
things  that  we  don't  understand. 

The  analytical  approach  to  this  type  of  problem  is  to  recognize  that 
for  a  very  large  class  of  channels,  the  optisua  receiver  is  a 
correlation  detector,  ana  we  would  like  distinct  messages  to  have 
sutually  low  cross-correlation.  as  you  see,  I  am  about  to  make  the 
transition  from  polyphonies  in  the  opera  house  to  ay  real  subject, 
which  involves  digital  signals,  usually  binary,  being  typically  sent 
over  radio  frequency  channels,  though  I  reserve  the  right  to  mention 
sonar  applications.  But  before  we  leave  La  Scala,  or  Covent  hardens. 


Oi  tue  tet , 


V) 

1  would  j-iJCc  to  btjUMize  one  note  drop  fro*  uy  operative 
analogy.  It  is  clearly  easier  to  pick,  up  one  voxce  out  oi  two  man 
one  out  of  fifty,  ail  other  things#  including  relative  signal  power, 
being  equal.  We  night  magma  a  composer  wxth  the  combinatorial 
virtuosity  of  a  J.S.  bach,  or  the  geometric  insxgnt  oi  a  w.n.  iiozart, 
writing  parts  tot  eight  tenors  in  such  a  way  that  if  any  two  or  them 
sing  at  once,  it  is  relatively  easy  to  separate  tn.es .  But  that  is 
clearly  a  different  problem,  and  in  general  easier,  than  scoring  for 
then  in  a  way  tnat  allows  all  erg  at  to  sing  at  once  and  rewain 
individually  intelligible.  So  we  must  distinguish,  xt  we  say  we  have 
a  good  set  of  n  signals  for  CSda  application,  wnetner  we  expect  only 
two,  or  three,  or  all  n,  to  be  in  use  at  the  sane  time. 

******************** 

—  0.  Cheng  and  S.W.  Goioab,  "Relations  Between  Run 

Distributions  and  Periodic  Auto— Correlations**,  Suoaitted  to 
IB2£  Trans,  on  Information  Theory.  (1  preprint  euclosed 
wxtn  this  report) 

General  relations  between  run  dxstrxnutions  and  periodic 
auto—  correlations  are  developed.  Run  distributions  are  described  in 
terns  of  entities  called  suites  which  are  subsequences  consisting  ot 
consecutive  runs.  Fcr  periodic  auto-cor relations,  only  the  lengths  of 
the  suites  and  the  nuaber  ot  runs  xn  then  are  inportant.  The 
occurrences  of  various  n— tuples  in  a  given  sequence  are  not  Mutually 
independent,  in  fact,  half  of  thea  are  already  enough  to  determine 


the  others 


—  U.  Caeng,  and  S.fc.  Golomb,  "On  tne  hecursion  dn=a“-*n_i "  * 

Sun »itted  to  information  and  control.  (1  preprint  enclosed, 
with  this  report) 

Properties  or  tne  recursion  a.n~  ^  are  studied.  A  simple 

algorithm  tor  the  construction  ot  its  cycles  is  given.  The  cycles  for 
wnxch  toe  maximum  tern  is  smaller  tnan  tne  period  are  of  special 
interest,  tramples  of  such  cycles  are  given.  In  fact,  the  period  nay 
exceed  the  largest  term  of  the  sequence  by  an  arbitrarily  large 
factor . 


-  0.  Cheng,  and  S.fc.  GoIgbd,  "On  the  Characterization  of 
PN  Sequences H ,  Submitted  to  the  IEBB  Trans .  on  Information 
Theory .  (1  preprint  enclosed  with  this  report]) 


msrnmt 


******************** 


—  S.a.  Goloao,  "Iterated  Binomial  Coefficients",  American 
aath.  Monthly.  Vol.  67,  mo.  9,  Sot.  1960.  (30  copies  sent 

with  prior  report) 


It  is  traditional  in  matnematics  to  explore  iteration  of  operations, 

ana  when  these  are  no d^-cow mutative  and  non-associative,  there  are 

* 

usually  quite  interesting  properties  to  be  uncovered.  Thus,  there  is 
certainly  nothing  bizarre  about  considering  such  expressions  as  cD  , 
the  result  ot  iterating  the  exponential  operation.  Far  less  common. 


however,  is  discussion  of  the  expression  y*by,  the  result  of  iterating 
tne  "biuomial  coefficient  operation" •  Yet  this  expression  even  nas  a 
natural  combinatorial  interpretation:  "the  number  of  subsets  of  size 
a  woicn  can  oe  formed  iron  the  collection  of  subsets  of  size  b  from  a 
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class  or  size  c";  taut  is,  tue  number  or  a— tuples  ana  b~tupies  in  a 
set  oi  size  c.  Perhaps  it  is  because  the  notation  is  ungainly, 
especially  waen  we  try  to  consider  hurt  her  iterates,  such  as\'®/ 


that  this  subject  has  Lcen  neglected. 
Cfa  CfeCl 

better:  C  ,  and  ,  etcl) 


(The  older  notation  was  no 


Let  us  therefore  establish  a  notation  acre  amenable  to  typesetting. 

Derine  (a-;a  ;...;a  )  inductively  ny  (a  )  =  a  ,  (a  ;a  )  ,  and 

12k  1  1  *2  /  f*l)\ 

{dLl  ;a2;***;a  k-l;,V  =  Ua1;a2;...;akl)  ;ak)  .  Tnus  (*1tf'2sa3’  “'a?/- 

For  k<3,  we  will  freguently  continue  to  use  cue  "vertical  notation"  as 
well  as  tne  "Horizontal  notation",  because  or  its  greater  raaiiiari ty 
ana  visual  impact. 

In  this  paper,  we  will  explore  identities,  ineguali ties,  equations, 
divisibility  properties,  ext  renal  problems,  and  reduction  formulas 
involving  iterated  binomial  coefficients.  This  is  nor  intended  os  a 
definitive  treatnent,  but  as  an  initial  exploration  into  rich  new 
territory. 


*********  *********** 


—  P.  Erdos,  A.L.  Rubin  and  d .  Taylor,  "Choosability  in 
Graphs",  publisned  in  Proceedings  ot  the  Huaooldt  State 
Dniversitv  Conference  on  GraPn  Taeory.  Conninatorics  and 
Computing.  19bG.  (20  copies  enciosta  with  this  report) 


k  graph  is  2-cboosuble  iff  each  connected  component  is  2— choosaoie,  so 
we  restrict  our  attention  to  connected  grapns.  To  start  tne 
investigation  oi  which  graphs  are  2-chocsaole,  consider  a  node  of 
valance  1.  We  can  always  cnoose  one  of  its  two  letters  after  deciding 


which  letter  to  choose  trout  the  one  noat  adjacent.  The  envious  thing 
to  do  is  prune  awQy  nouui  ot  valence  '»,  successively  until  we  reach 
the  core .  whica  has  no  nones  or  valance. 


A  hong  tae  theorems  proved  is:  A  graph,  is  1— cnoosanle  it,  and  only  it, 
the  core  ot  G  belongs  to 


T  *  lKi'C2nH-2  'e2,2,2m  :  L‘-1^ 

»  • 


—  S.U.  Goiontb,  "ihe  Evidence  tor  Fortune's  Con3ecture", 
flat  hem  a  tics  n  quit  me.  Vol.  54,  he  pt  ember  1981,  pp  .  209—210. 

(20  copies  sent  with  prior  report) 


Euclid's  proot  that  there  are  infinitely  many  primes  is  based  on  tue 
observation  that  it  is  hot  itselt  prime  (where  pn=?i  p2’*  “^n  1S 

the  product  o£  the  tirst  n  primes)  ,  it  must  still  contain  a  prime 
r actor  larger  than  p  • 


E.  MATHEMATICAL  MODELS  OF  BASIC  PHYSICAL  PHEMOMEMA 


******************** 


—  S.u.  Goiomo,  "Bunik's  Cube  anu  a  Model  ot  Quark 
Confinement ",  American  Journal  ou  Pnvsics.  Vol.  49,  ho.  11, 
November  1981,  pp.  lo3t— 1031.  (a0  copies  sent  with  prior 

’  report) 


c 

Designating  a  +120  rotation  ("tv^st")  of  a  corner  ceil  of  Bunik's 
TM 

cube  (a  popular  geometric  puzzle)  as  a  (mataemat ical)  guark,  and  a 

o 

—120  rotation  ol  a  corner  cell  as  a  (mathematical)  ant^guart,  the 
restrictions  tnat  confine  physical  guards  are  observed  to  hold. 


I 


oane 
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viz*  iboiateu  yuia.rk.fa  cannot  arise,  ami  in  general,  comninations  or 
querns  ana  antiguaiks  can  only  occur  if  the  excess  or  One  type  over 
the  other  is  a  multiple  or  tnree. 


F.  ADAPTIVE  NOTCH  FILTEBIBG  FOR  SPBCTBAL  LIMB  ESTIMATIONS 

—  D.V.B.  Kao,  and  S.Y.  Kung,  "Adaptive  Korea  Filtering  for  the 
Betrieval  of  sinusoidal  Signals  in  Colored  Noise'*,  to  appear 
in  IBEE  Trans,  on  ASSP.  lHb2.  i20  copies  euclosea  with  this 
report) 

A  notch  filtering  technique  is  developed  for  estimating  the 
frequencies  of  sinusoidal  signals  in  additive,  uncorreiatea  noise, 
colored  or  white.  The  teen  nig  ue  nay  Oe  regarded  as  a  blend  or  tne 
tiae  and  .frequency  domain  approaches.  First,  it  is  shown  tnat  a 
rrequeucy  domain  analysis  leads  naturally  to  tne  adoption  of  the  notch 
filter  for  unbiased  estimates  of  the  frequencies.  Then  an 

approximation  in  tne  tiae  domain  analysis  leads  to  a  constrained 
autoregressive  moving  average  model  which  results  in  a  simplified 
parameterization  of  tne  filter.  Tais  model  is  useful  in  establishing 
its  connection  to  existing  popular  methods:  autoregressive  model 

based  and  Pisarenko's  harmonic  decomposition  methods.  For  adaptive 
estimation  of  the  parameters  a  stochastic  Gauss.— Newton  method  is 
developed,  and  the  related  convergence  issues  ace  examined.  For  the 
implementation  of  the  filter,  in  addition  to  direct  forms,  efficient 
Cascade  ana  Parallel  forms  are  also  examined.  More  significantly,  the 
method  possesses  the  frequency  decoupling  property  typical  of 


frequency  domain  methods  which  auovo  the  probxe®  tc  be  partitioned 
into  smaller  suDprubleis  for  parallel  processing.  Tne  simulation 
resuxts  presented  support  ana  substantiate  the  method  aua  unary sis. 

—  S.Y.  Kung,  and  D.V.b.  Hao,  "Analysis  and  Implementation  of 
the  Adaptive  botch  Filter  tor  Frequency  Estitedtion", 
Proceedings  of  the  International  Conference  on  Acoustics. 
Speech,  and  Signal  Processing.  London,  day  iyo2.  (20  copies 
enclosed  with  this  report) 

This  paper  ennances  sc»e  theoretical  and  implementation  aspects  of  a 
constrained  autoregressive  moving  average  model,  the  notch  rilter 
model  developed  in  £lj  for  the  estimation  of  sinusoidal  signals  in 
additive,  uncorrelated  noise,  colored  or  white.  This  model  is  shown 
to  approximate  tne  actual  signal  pius  noise  model.  In  addition,  tae 
parameter  estimates  obtained  by  minimization  or  the  output  power  of 
the  notch  filter  approximate  tne  maximum  likelihood  estimate  of  tne 
model  parameters;  The  relationship  of  the  uoten  filtering  approach  to 
the  existing  autoregressive  and  Pisarenko  metnods  is  establisaed. 
Next,  a  scheme  to  combine  fast  convergence  ana  unbiased  estimation  is 
suggested.  Lastly,  certain  implementation  aspects  of  tne  filter  are 
considered  and  the  method  is  shown  to  be  amenaole  to  parallel 
processing. 


—  S.Y.  Kung,  and  L.V.6.  Bao,  "An  Unbiased  Adaptive  hetnod  for 
Betneval  of  Sinusoidal  Signals  m  Colored  Noise", 

Proceedings  ox  the  20th _ Ihhx. _ Conference  on  Decision _ and 

Control .  pp.  b0  1-b07,  Leceutnar  tvbl.  (20  copies  seat  with 
prior  report) 


The  problem  of  retrieving  narrcwoaaa  or  sinusoidal  signals  in  aaditive 
noise,  colored  or  waite,  is  considered  in  this  paper.  A 
frequency-domain  analysis  leads  to  a  notch  filter  estimator  producing 
unbiased  estimates  or  the  sinusoidal  frequencies.  Tne  notch  filter 
lends  itseif  naturally  to  a  frequency  decoupled  realization  i.e. 
cascaded  fora  realization.  This  has  desirable  numerical  consequences 
which  is  essential  for  resolving  cioseiy  spaced  spectral  lines.  The 
method  also  features  an  adjustable  debiasmg  parameter  whose  proper 
adjustnent  results  in  a  decent  rate  of  convergence  to  highly  accurate 
estimates.  Based  on  some  frequency— tracking  simulations,  the  metaod 
also  appears  to  possess  good  tracking  capability. 

** ******* **********  * 

—  S.Y.  Kung  and  D.V.b.  Hao,  "Adaptive  Motch  Filtering  for 
Spectral  Line  Bnhancement”,  ASSP  *si.  (20  copies  enclosed 
with  this  report) 

This  paper  presents  a  new  perspective  to  the  problem  of  recursive 
spectral  line  enhancement,  namely  that  of  retrieving  narrow-band  or 
sinusoidal  signals  in  aaditive  noise,  color ea  or  white.  Through  a 
frequency— domain  analysis,  a  new  adaptive  method  based  on  a  special 
notch  filter  structure  is  adopted.  Theoretically,  unlike  most 
existing  methods,  the  new  method  is  capable  of  producing  unbiased 
estimates  of  the  sinusoidal  frequencies;  practically,  the  method  also 
possesses  some  strong  numerical  features:  Due  to  parametric 

sensitivity,  a  cascade  structure  has  to  be  used  in  lieu  of  a  canonical 
structure  in  order  to  resolve  closely  spaced  spectral  lines.  Due  to 
the  special  frequency  characteristics  of  the  uotch  filter,  a  modified 
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gradient  method  is  proposed  to  ensure  a  robust  auaptive  adjustment  ol 
the  fitter  coefficients.  finally,  tue  metucu  reagures  uu  adjustable 
debiasing  parameter  whose  proper  adjustment  results  in  a  nighxy 

accurate  estimate  at  a  very  decent  convergence  rate.  Based  on 
numerous  simulations  conduct ea,  the  method  appears  to  exhibit  high 
accuracy,  niga  resolution  as  well  as  excellent  tracking  capability. 


h>  SB  HE*  4  3  23  *  ill 


AMD  HIGH— BBSOLDTIOM  SPECTB AL  E  ST  IB  AXIOM 


—  S.y .  Kung,  ana  f.B.  Hu,  "Iapruvea  Pisarenko's  Sinusoidal 
Spectrum  Estimate  via  SVD  Sun  space  approximation  methods". 
Proceedings  list  tic.  Orlando,  Honda,  Dec.  b— b,  19b2.  (1 

preprint  enclosed  with  this  report) 


This  paper  presents  two  numerically  stable  Pisarenko  type  spectrum 
estimators  based  on  a  subspace  approximation  approach,  a  sinusoidal 
signal  plus  noise  model  is  assumed.  By  using  tue  singular  value 
decomposition,  the  covariance  matrix  is  decomposed  into  a  signal 
subspace  wbicn  represents  tue  signal  component;  and  a  noise  sunspace 
which  represents  the  noise  contributions.  The  first  method  makes  use 
of  a  signal  sunspace  structure  wuich  characterizes  the  signal 
covariance  matrix  by  a  linear  system  triple  (&,b,c)  •  Then  the 
frequencies  of  tne  signal  sinusoids  are  solved  as  the  eigenvalues  of 
the  A  matrix.  Tne  second  metnod  utilizes  a  Toeplitz  structure  or  the 
noise  subspace.  1’heu  a  subspace  approximation  procedure  is  taken  to 
find  an  estimate  of  tais  noise  sunspace.  Tne  xreguency  estimates  are 
then  solved  as  the  roots  of  the  defining  sequence  of  this  Toeplitz 
noise  subspace  matrix.  Simulation  results  are  furnished  to  illustrate 
the  advantages  or  these  proposed  new  methods. 
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******************** 

—  S.Y.  hung,  "Partial  Aeaiizations :  ixisteace,  Uniqueness  ana 

Min  imality "  ,  Proceedings  of _ Internationa...  Symposium  on 

Circuits  a nd  Systems.  houe,  May  iyo2.  (xo  reprmts  enclosed 
with  this  report) 

This  paper  develops  some  basic  raise  properties  on  Hantel  matrices 
winch  iead  to  a  simple  solution  to  the  fundamental  questions  of  the 
existence,  uniqueness,  and  minimality  ot  partial  realization.  Tais 
result  plays  a  role  m  systems  parametrization  which  has  several 
applications  as  illustrated  in  the  example  given. 

******************** 


—  S.Y.  hung,  "New  Unbiased  fletnods  tor  Narrowoand  Spectral 

list imat ion",  1?AC  on Theory ana Application of  Digital 

Control.  New  uelni,  India,  pp.  1— o,  January  5—7,  1*62.  (2U 

reprints  eacloseu  with  this  report) 


***************** *** 


—  S.Y.  Kung ,  "A  Toeplitz  Approximation  Method  and  Some 
Applications",  International  Symposium  oh  Mathematical 
Theory  of  Networks  and  Systems.  Santa  Monica,  CA,  pp. 
2 62— ^.6 b ,  Aug.  5—9,  19b  1.  (2U  copies  sent  with  prior  report) 


a  narrow band/s in us oidai  signal  retrieval  problem  is  formulated  in 
terms  of  its  Toeplitz  autocovatiance  matrix  ana  a  Toeplitz 
approximation  method  based  on  singular  value  decomposition  is 
proposed • 


******************** 


—  r.V  .  Gen  in  <ma  3.T.  Kang,  MA  Two— Variable  Approach  to  tne 
floael  Reduction  Profile*  with  bank. el  horn  Criterion*,  lf.bg 

Trans. _ ojj _ Circuits  ano  Systems.  Vol.  CAS— 2b,  Ho.  9,  pp. 

912-824,  Sept.  19b1.  (20  copies  sent  with  prior  report) 

k  two— variable  approach  to  the  model  reduction  profiles  with  nan 2 el 
non  criterion  is  discussed.  Tne  profiles  is  proved  to  fie  reducible  to 
obtaining  a  two— variable  all-pass  rational  function,  interpolating  a 
set  of  parametric  values  at  specified  points  inside  tne  unit  circle. 
A  polynomial  formulation  and  the  properties  of  the  optimal  Hankel  nors 
approximations  are  tnen  suown  to  result  directly  from  the  general  fora 
of  the  solution  of  the  interpolation  profiles  considered. 

******************** 

—  S.l.  Kung,  and  D.W.  Lin,  "Optimal  daukel  Horn  Hod  el 

Reductions:  Multivariable  by s teas",  lEte  Trans .  on 

Automatic  Control.  Vol.  AC— 2o,  No.  4,  pp.  <332—852,  August 
1981.  (20  copies  sent  with  prior  report) 

This  paper  represents  a  first  attespt  to  derive  a  closed— fora 
(bank el— norm)  optimal  solution  for  multivariable  system  reduction 
problems.  The  basic  idea  is  to  extend  the  scalar  case  approach  to 
deal  with  the  multivariable  system.  The  ma^or  contribution  lies  in 
the  development  of  a  minimal  degree  approximation  (MOA)  theorem  and  a 
computation  algorithm.  The  main  theorem  describes  a  closed— xorm 
formulation  for  the  optimal  optimal  approximants,  with  the  optimality 
verified  ny  a  complete  error  analysis.  In  deriving  the  main  tneorem. 


some  ustsfux  singular  value/vector  properties  associated  with 
block— hankel  out rices  are  explored  and  a  key  extension  tneorem  is  also 
developed,  la  Deeded  in  the  polynomial— theoretic  derivation  of  the 
extension  tneorem  is  an  efficient  approximation  algorithm*  i'his 
algorithm  consists  of  three  steps:  (x)  compute  the  minimal  oasis 

solution  of  a  polynomial  matrix  eg  u  at  ion;  (ii)  solve  an  algebraic 
fiiccati  eguation;  ana  (iii)  fina  the  partial  fraction  expansion  of  a 
rational  matrix. 


*****  *************** 

—  S.r.  Kung,  and  b.w.  Lin,  "hecent  Progress  in  Linear  system 
rtodei— Beduc  tion  via  Hanker  Matrix  Approximation ",  invited 
lecture  for  State— of-the— Art  hevrew  of  Systems 

Approximation*  European  Conference  on  Circuit _ Theory  and 

Uesxna  (aCCTO)  »S1.  The  Hague,  The  tfetherrands*  August  19o1. 

( 20  copies  included  with  this  report) 

This  paper  presents  a  brief  review  of  several  major  approaches  to 

linear  system  model  reduction  problems.  Emphasis  is  pxaced  upon  two 

classes  of  HanXel  approximation  methods.  Dsing  a  singular  value 

decompositions  on  the  system  Hanker  matrix*  the  singular 

values/vectors  are  categorized  into  principal-component  and 

pertur&ational— component  sets.  The  tirst  kind  of  Hankel  approximation 

aetnod  adopts  an  adjustment  of  the  hankel  matrix*  with  the  adjustment 

derived  from  perturbational  singular  values/vectors.  Both 

d iscrete— time  and  continuous  time  cases  are  considered.  Simulation 

resuxts  and  comparisons  are  documented.  Finally*  the  paper  briefly 

reviews  bankel  approximation  methods  for  multivariable  systems;  and  it 

xurtner  suggests  a  new  scheme  tor  solving  treguency— weignted 

approximation  probxems. 


—  D.M.  Lin  anu  S.I.  Kung,  "optimal  bankei— Norm  Approximation 

oi  Continuous— lime  Linear  Systems*,  Circuit.  System. _ 6 

Signal  Propels*  Vox.  1,  No.  1—4,  bnkhavser,  Inc.,  boston. 

(1  preprint  included  with  this  report) 
k  problem  on  optimal  approximation  or  continuous^time  linear  systems 

is  studies.  The  pertormance  measure  (error)  is  chosen  to  tie  the 
spectral  norm  oi  the  diitecence  between  the  Haakel  operators 
associated  with  the  orxgiual  system  and  the  approxittant.  it  is  shown 
that  the  Uauxel  operators  associated  witn  continuous— time  systems  and 
the  hankel  matrices  associated,  witn  discrete— time  systems  are  rexaceu 
ny  an  interesting  correspondence  property  via  bilinear  transforms. 
This  tact  is  tnen  usea  to  derive  the  con tinuous— time  results  (theory 
and  algoritnms)  iron  tae  established  discrete— time  ones.  Lome  simple 
examples  are  presented  . 


mm * mm mmmm mm ♦* mm mamma 


—  S.Y.  Kung,  and  b.a.  Lin ,  *k  State— Space  Formulation  for 
Optimal  Hankel-Horm  Approximations1*,  to  appear  in  IEEE 
Trans T  on  Automatic  Control,  vox.  aC— 2b,  wo.  4,  pp.  942-446, 
August  19s1.  (20  copies  sent  with  prior  report) 


The  optimal  Hankel— norm  approximation  problem  studied  in  [  1J  is 
reformulated  in  a  state-space  setting.  The  crucial  Extension  Theorem 
is  re— established  in  this  framework.  The  minimal  degree  optimal 
approximation  is  then  derived  in  terms  of  state— space  parameters. 


mmm 


—  S.i.  Kung,  "Optimal  Hankei— Worm  tx> del  Seductions  —  scalar 
Systems",  To  appear  on  Ibix  Trans. on  Automatic  Control.  (1 


preprint  enclosed  with  this  report) 


This  paper  deals  with  the  optical  dai.Kti— norm  model  rec actions  via  a 
polynomial  approach,  'me  major  contributions  include  (i)  a  simple 
generalized  eigenvalue  problem  torn ulat ion  yielding  a  close a— lorn 
solution  lor  the  uininai-aorm— approximation  problems,  ana  (li)  a  last 
BFD  (matrix— fraction— description)  algorithm,  based  on  an  au  joint 
system  matrix,  for  the  minimal-degree— approximation  problems. 
Significantly,  the  same  approach  can  also  be  successfully  extenaea  to 
continuous— time  as  well  as  mui ti— variable  systems. 

************* ******* 


s.Y.  Kuug  and  D.4.  Lin,  "Optical  flanxei— norm  heductions: 
hultivariaDle  systems",  iroc.  of  tne  1980  Conference  on 
Decision  and  Control,  pp.  1o7— 1*4,  mew  Mexico,  December 
19d0.  (JO  copies  sent  witn  prior  report) 


***********  ********* 


—  S.I.  Kung,  "A  Mew  Low— Order  Approximation  Algorithm  via 
Singular  Vaxue  Decomposition",  submit  tea  to  the  (ILLS  Trans, 
on  Automatic  Control.  (1  preprint  enclose a  witn  tnis  report) 


******************** 


—  S.Y.  Kung,  "New  Fast  Algorithms  tor  Optimal  Model 
Heductions",  Proc.  of  tne  19o0  JACC.  San  Francisco,  CA,  Aug. 
1980.  (1  copy  sent  with  prior  report) 


I.  MBTWOBK  STOCBBOHISfcTION 


—  V.C.  Hagmann,  anu  m  .C.  Lindsey,  "hetwoct  Synchronization 
Techniques,"  MATO  Advanced  study  Institute,  Norwich, 
England,  August  4-©,  I9b0.  (10  reprints  enclosed  wita  tnis 
report) 


The  purpose  ot  this  paper  is  to  introduce  tne  reader  to  soae  recent 
network  synchrui  uatiou  results.  First  several  network 

synchronization  techniques  are  summarized.  Tuis  is  tollowed  ny 
presen  tin  9  a  uni  tied  mathematical  model  which  characterizes  the 
statistical  oenavior  o±  a  broad  class  or  network  syncnroni ration 
techniques,  e.g.,  plesiochronous,  hierarcnial  uaster  slave  and 
autually  syncnr onized  networks  witn  and  witnout  delay  coapensation . 
Results  on  the  stability^  of  these  networks  as  well  as  the  steady 
state  oenavior  are  presented.  For  exaapie,  the  steady  state  network 
frequency  and  true  differences  between  nodes  under  a  no  noise 
condition  are  evaluates.  Finally,  tne  effects  of  clock  drift  are  given 
along  with  a  growth  algorithm  for  the  initial  construction  of  a 
syncnronous  network. 

******************** 

—  F.  Ghazvinian,  ana  w.c.  Lindsey,  "Dissemination  of  Tine  in  a 
Digital  Comaunication  Network,**  National  Radio  Science 
Meeting,  January  12—16,  ISbl,  Boulder,  Colorado.  (Abstract 
only.)  (1  copy  sent  with  prior  report) 

In  recent  years  the  importance  of  digital  communications  has  become 
■ore  apparent  and  a  variety  of  digital  comaunica—  tion  networks  have 
been  developed,  one  of  the  magor  obstacles  m  developing  an  efficient 
network  is  associated  with  the  task  of  synchronization  of  tne 
frequency  and  phase  ot  ail  clocks  in  the  network.  This  paper 
investigates  a  aethod  ot  clock  synchronization  in  autually  connected 
communication  networks.  In  this  technique,  delay  lines  are  introduced 
at  each  node  to  compensate  for  the  transmission  delays  encountered  oy 


the  timing  sign* txs.  It  i&>  saowu  uai  t nis  method  can  he  extended  to 
include  the  syncuronizutian  ot  networks  with  moving  term-aials  which 
are  sunset  to  suca  factors  us  u»e  cnange  in  transmission  delay  and 
the  frequency  shift  by  coupler  effect.  ih t  ^ertorsance  criterion  in  a 

syncnrwnizea  network,  is  cased  on  tne  time  difference  between  tne 

clocks  in  the  uetwork.  These  time  error  processes  are  ranoodi  xn 
nature  and  depend  on  frequency  drift  and  phase  noise  of  tne 
oscillators*  In  this  paper  a  general  matrix  expression  is  derived  tor 
tne  8-tn  structure  function  ot  time  error  process*  For  certain 
topologies  of  interest,  these  structure  functions  are  computed  tor 
mutually  synchronized  networks  and  their  results  are  compared  to  the 
case  where  there  are  no  couplings  between  the  clocks. 

**«**•****«**»****** 

—  W.C.  Hagaaan  and  V.C.  Lindsey,  “Some  Results  on  Time  ana 
Frequency  Transfer  in  butually  Synchronized  Networks, " 

National  Radio  Science  fleeting,  January  12— Id,  1961, 

Boulder,  Colorado.  (Abstract  only)  (1  copy  sent  with  prior 
report) 

A  general  mathematical  model  describing  time  and  frequency 
distribution  networks  is  presented,  special  attention  will  be  given 
to  mutual  synchronization.  Various  functional  models  shall  be 
introduced.  A  linearized  mathematical  model  and  its  applicability 
will  be  discussea.  sufficient  conditions  for  networx  stability  will 
be  given  and  approximate  pole  locations  wixl  ne  presented  ror  a 
special  “equal  delay'*  netwocx.  The  steady  state  beaavior,  i.e.,  tne 
steady  state  network  frequency  ana  the  steady  state  nodal  time  errors 
will  be  developed,  lue  mtluence  of  clock  dritt  on  these  time  errors 
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will  oe  investigated  ana  an  ex on pie  yiven.  A  special  network  yrowtn 
algorithm  is  presenter  which  aiaiicizes  the  aisturoancea  to  the 
syncnrcnous  netw  urk  as  it  grows. 

** ********* ********* 

—  W.C.  Lindsey,  F.  Gnazvinian,  and  8.C.  dagwann,  “Tine  and 

Frequency  Transfer  xn  Lata  Coawu  meat  ion  Networks'*, 

International  Syaposiua  on  Intonation  Theory,  February 
9—12,  1981,  Santa  Honica,  California  (Abstract  Only) .  (1 

copy  sent  with  prior  report) 

One  of  tae  aajoi  problems  in  developing  an  efficient  digital 

communication  network  xs  assoc  iatea  with  the  task  of  the  network. 
Different  netnods  or  distrinuting  time  and  frequency  are  discussed  and 
a  general  mathematical  uouel  describing  ail  these  techniques  xs 
developed.  Special  attention  is  given  to  nutual  synchronization  and 
functional  models  are  introuuced  for  this  method. 

Perfornance  measures  tor  tine  and  frequency  distribution  networks  are 
discussed.  The  influences  of  frequency  drift  and  phase  noise  process 
or  the  clocks  on  tne  tine  error  processes  are  investigated.  A 

comparison  is  wane  between  uutually  synchronized  and  plesiochronous 
networks.  Finally,  a  special  netwotk  growth  algoritna  is  presented 
which  minimized  network  disturbances  due  to  topological  changes  in  the 
network  structure. 

******************** 

—  W.  Hagaann,  F.  Ghazviuian,  and  w.C.  Linosey, 

"Synchronization  'techniques  for  floni.e  User  Satellite 

Systems",  Proceedings  ox _ the  International  Communications 

Conference,  i JbLh,  June  I9b1,  pp.  b9.*».  1— b9.u.h.  (kU  copies 


sent  witn  prior  report) 


It  xt»  shown  in  this  paper  how  the  structures  of  a  class  ot  closed  loop 
ranging  and  sy  near  on  nation  systems  follow  readily  from  a  basic  open 
loop  time  dissemination  and  ranging  technique.  The  channel  delay  is 
tracked  in  a  closed  loop  fasnion  and  to  is  estimate  is  used  to 
precorrect  tne  data  transmission.  This  dynamic  precorrect  ion  reduces 
tne  influence  or  cnannel  dynamics  and  makes  tne  systea  attractive  tor 
satellite  systems  with  mobile  users. 


—  W.C.  Lindsey*  F.  Ghazvinian,  and  w.C.  Hagmann,  "kffects  ot 
Clock  Phase  Instabilities  on  tne  Performance  of  Synchronous 
Networks",  submitted  for  publication  to  NIC.  (1  preprint 
sent  with  pnor  report) 

this  paper-  investigates  the  effects  ot  pnase  instabilities  on  tne 

-v 

performance  of  a  synchronous  digital  communication  network. 

The  performance  of  the  network  is  characterized  in  terms  of  the  n— th 
increment  of  the  time  processes  observed  at  the  nodes  and  the  time 
error  generated  between  the  network  nodes  and  their  associated 
structure  function. 

A  mathematical  model  describing  the  operation  of  the  network  is 
developed.  This  model  is  then  used  to  show  how  the  clock  phase 
instabilities  influence  the  synchronization  accuracy  in 
plesiochronous ,  master-slave  ana  mutually  synchronized  networks  of 
clocks.  It  is  mown  that  synchronous  networks  exnibit  a  smaller  time 
error  variance  within  the  network  than  plesiochronous  networks,  it  is 


also  shown  that  the  net’or*  time  process  xa  a  mutually  synchronized 
network,  xs  less  influenced  toy  the  oscxxlator  phase  noise  than  the  one 
in  a  master— slave  network. 


******************** 

—  M.C.  Lindsey,  6  .C.  Bagmann,  and  F.  Gnazvinian,  "Network 
SynchroiLLzatxon  Techniques:  An  Overview",  Submitted  for 
publication  to  NTC.  Also  publishea  in  ntz  Archxv  fid.  4 
(1*32)  ,  pp.  163—168.  (20  copies  enclosed  vita  tnis  report) 

The  paper  gives  an  overview  over  various  network,  synchronization 
techniques  which  have  fieeu  proposed  in  the  literature.  It  is  shown 
how  they  can  ne  classified  in  an  easy  and  straightforward  way  enabling 
a  fair  comparison  between  the  different  techniques.  Generic 

advantages  and  disadvantages  of  the  basic  tecnniques,  plesiochronous, 
master— slave  and  mutual,  are  discussed,  and  an  extensive  reference 
list  is  given. 

******************** 


W.C.  Lindsey,  F.  Ghazvinian  and  W.C.  tiagaann,  "Phase  Noise 
Effects  on  fiynchconous  Network  Performance",  Proceedings  of 
the  National  Telecommunications  Conference.  Institute  of 
Electrical  ana  Electronics  Engineers,  December  1*61,  pp. 
FI. 3.1— FI .3 .5.  (20  copies  sent  with  prior  report) . 


This  paper  investigates  the  effects  of  phase  instabilities  on  the 
performance  of  a  synchronous  digital  communication  network.  The 
performance  of  the  network  is  characterized  in  terms  of  the  n—  th 
increment  of  the  time  error  process  generatea  between  network  nodes 
and  its  associated  structure  tunction.  A  aata*matical  model 
describing  the  operation  or  the  network  is  developed.  This  model  is 


then  used  10  calculate  aua  coupate  tne  structural  moments  or  the  time 
error  processes  tor  networks  employing  piesiochrouous,  master -siave 
and  mutual  synchronization  techniques. 

*************  ******* 

—  H.C.  Lindsey  and  H.J.  Cnoi,  "Mutual  Syncnroarzation  or  Two 

Gseixlators  ",  National  Telecommu meat  1011s  Conference  record. 
Galveston,  'IX,  (to  appear)  .  (1  preprint  enclosed  witn 

this  report) 

In  tnis  paper,  various  approaches  for  the  mutual  synchronization  or 
two  geographically  separated  oscillators  are  presented.  Mathematical 
models  of  these  systems  are  proposeu  ana  network  performance  measures 
are  defined.  it  is  shown  that  performance  can  oe  improved  ny 
different  methods  or  implementation  at  the  expense  of  network 
complexity. 

! 

******************** 

—  K.  Dessouky  and  M  .C.  Lindsey,  'Statistical  Characterization 
of  a  System  of  Two  Mutually  synchronized  Oscillators", 

Mational  Telecommunications _ Conference  hecord.  Galveston, 

TX,  19o2  ito  appear)  .  |1  preprint  enclosea  witn  tais 

report) 

Tnis  paper  presents  a  theory  for  a  system  of  two  mutually  synchronized 
phase— locked  oscillators.  The  theory  is  based  on  the  treatment  of 
sinusoidal  phase— iocxec  loops  operating  in  the  nonlinear  regime. 
Three  key  phase  increment  processes  are  aefined,  their  physical 
meaning  explain ea  ana  their  probability  censity  function  uerived.  Tae 
efiects  of  transmission  delays  and  ireguency  instabilities  in  tae 
system  are  studied  through  tnen  effects  on  the  densities  of  these 
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increments. 

******************** 

—  h.C.  Lindsey  and  C.Y.  Yoon,  "Pnase  Locked  Loop  Performance 
in  the  Presence  of  CK  interference  and  Additive  Noise", 
Accepted  tor  publication  in  XuBk  Trans,  on  Communications. 
October  1*82.  (not  yet  avananie) 

******************** 

—  F.  Ghazvinian,  Synchroiiization  in _ Digital _ Communicat ion 

Networks.  PhD  dissertation.  Dept,  of  Electrical  Engineering, 
University  of  Southern  California,  Los  Angeles,  CA,  August 
1981.  (1  copy  sent  with  prior  report) 

Synchronization  in  digital  communication  networks,  referred  to  as 
network  synchronization,  is  basically  the  distribution  of  frequency 
and  time  to  all  the  nodes  in  the  network. 

In  the  past  two  decades,  the  problem  of  network  synchronization  nas 
been  studied  extensively  and  many  techniques  have  been  proposed  for 
achieving  synchronization.  These  techniques  can  oe  divided  into 
several  different  categories  depending  on  the  nature  or  the 
controlling  signals  used  in  obtaining  synchronization.  The  basic 
operating  principle  of  these  synchronization  methods  and  their 
inherent  advantages  and  disadvantages  are  discussed  in  this  thesis. 

Tne  major  consideration  in  the  design  of  a  synchronous  network  is 
based  on  the  ease  of  implementation  of  the  network.  In  this  thesis 
tne  functional  model  of  a  synchronous  network  is  uescnbeu.  The  basic 
implementation  of  a  two— uodai  network  with  and  without  dexay 
compensation  is  pxesented  ana,  for  the  case  of  delay  compensated 


networks , 


a  delay  utasuckubut  technique  Is  introduced  and  xts 


operation  is  described. 


To  analyze  the  behavior  or  synchronous  networks,  a  unxtied 
aatheaaticai  aouel  or  synchronous  networks  is  developed  which  xs 
capable  ol  describing  tne  operation  or  all  synchronization  tecanigues. 
A  set  of  perf ora  once  measures  are  detined  xn  order  to  evaluate  the 
behavior  ot  synchronous  networks.  Then  using  the  aataenaticai  aodel 
or  the  network,  the  following  performance  measures  are  calculated  for 
several  networks  witn  difrerent  synchronization  tecanigues  and  the 
results  are  compared  wxth  each  other. 


1.  The  concepts  or  stability  is  defined  and  sufficient 
conditions  tor  stanle  operation  of  synchronous  networks  are 
presented . 

2.  The  steady  state  network  frequency  and  the  steauy  state 
tiae  distribution  between  the  nodes  of  the  network  are 
evaluated  and  tne  significance  of  delay  compensation 
techniques  is  pointed  out. 

1.  The  sensitivity  ot  the  network  to  structural  cnanges  in  its 
topology  is  discussed  and  soiae  techniques  are  introduced  to 
reduce  tne  perturbation  in  the  network  due  to  addition  or 
deletion  of  a  node  to  or  Iron  the  network. 

4.  The  effects  of  phase  noise  of  the  clocks  on  the  tiae  error 
process  between  the  nodes  m  the  network  are  evaluated  for 
different  networks  and  it  is  snovn  that  autual 
synchronization  has  the  property  of  reducing  the  effect  of 
phase  noise. 


Finally,  problems  of  synchronization  of  nonstationary  networks  are 
pointed  out  and  some  measures  are  introduced  to  overcone  these 
difficulties. 


*>►♦»**»******  ♦♦****»** 


—  K  •  Dessouky ,  Monlinear  Tne cry  ot  rtutuallv  S  vncaconized 
Oscillators ,  Ph.D.bissertatiou,  Department  or  electrical 
hngineering ,  University  or  Southern  California,  November 
(Mot  yet  available) 

In  this  tnesis/  a  theory  is  developed  tor  a  system  or  mutually 

synchronized  oscillators.  Tne  system  discussed  employs  phase— looted 

oscillators  with  sinusoidal  phase  detector  characteristics.  t he 

object ive  is  tc  cnaracterize  the  stead;  state  oenavior  oi  tne  system 

when  it  operates  non  linearly  m  the  presence  ot  noise.  As  a  result, 

no  attempt  is  made  to  approximate  or  linearize  tne  pnase  detector 

characteristics.  Instead,  the  resuits  ot  the  theory  ot  stochastic 

\ 

differential  equations  are  used  to  obtain  tne  desired  statistical 
characterization  or  the  system. 

A  mathematical  model  for  tne  mutual  synchronization  system  is  first 
presented.  To  obtain  explicit  results  with  the  nonlinear  differential 
equations  evolved,  a  system  ot  two  nodes  is  considered.  Three  Key 
phase  increment  'processes  are  defined  and  their  physical  meaning 
explained.  These  increment  processes  describe  the  phase  error  in  the 
system,  the  stability  of  the  time  scales  at  each  node,  and  the  time 
interval  error  or  the  system.  Tnrougn  the  increment  processes, 
applying  the  useful  tools  of  non— linear  phase-locked  loop  analysis  to 
mutual  syncnronization  becomes  possible. 

The  core  of  the  thesis  contains  the  development  ot  the  stochastic 
differentiae  equations  describing  the  increment  processes,  and  the 
derivation  of  their  probability  density  functions.  The 

synchronization  system  is  affected  uy  noise,  transmission  p*ta  delays. 
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delay  compensation,  anu  oscillator  frequency  instabilities.  Tae 
effects  they  have  on  the  system  are  studied  through  their  efrects  on 
tne  pronaoiiity  density  functions  of  the  different  increment 

processes*  The  effects  ot  loop  gain  assymetrics  on  the  phase  error  in 
the  system  are  also  investigated. 

After  presenting  the  density  functions  of  the  increment  processes 

obtained  oy  nonlinear  analysis*  very  useful  Gaussian  approximations 
for  these  densities  are  developed  ana  discussed.  To  complete  the 
study  of  the  nonlinear  Oehavior  of  the  synchronized  system*  the 
phenomenon  of  cycle  slipping*  which  occurs  between  and  at  each  ot  the 
nodes*  is  analyzed. 

J.  APPLICATION  OP  MPBBER  THEORETIC  TEA  MSP  ORBS 

—  I.S.  Heed,  H.n.  Shao*  T.K.  Truong*  "Fast  Polyuoual  Transform 
and  its  Implementation  oy  Computer***  I  LB  Proc. ,  Vol.  128* 

Pt.  £.*  Mo.  1*  Barch  18U1*  pp.  b0-6u.  (30  copies  sent  with 

prior  report) 

Recently  a  new  algorithm  was  developed  to  compute  two-dimensional 
cyclic  convolution  by  what  is  calleu  the  PPT  (fast  polynomial 
transform)  algoritnm.  In  this  paper  this  new  algorithm  is  further 
studied  and  implemented  on  a  general  purpose  computer.  Bet  hods  to 
cope  with  finite  core  memory  limitations  are  presented  and  actual 
computational  speed  performances  are  listed. 

********************* 

—  N .  Glover*  I.S.  heeu,  T.K •  Truong  and  d.P.  Huang*  "dethoas 
to  heduce  tne  'i'aole  Look— lip  beguireaents  for  Finding  Logs  or 
Antilogs  of  Elements  m  a  Galois  Field"*  submitted  to  1EE 


M2 


Proceedings*  Part  F.  (1  preprint  eudosec  wxta  to  is  report.) 

Let  GFig)  be  a  finite  field,  where  q=pm  and  p  is  prime.  Polynomial 
Multiplications  in  G?(g)  reguireu  to  encode  and  decode  bCa  and 
Reed— Sol on on  (RS)  cooes  are  perroraed  often  using  log  and  antilog 
taoles  of  pn— 1  non— zero  field  elements.  It  is  shown  in  this  paper 
that  for  g=p2n  oi»d  p11-*-!  a  prime*  the  xog  and  the  autilog  of  a  fielr. 
element  can  he  found  with  two  smaller  tames  of  ^*1  and  pP— 1 
elements*  respectively.  The  method  is  based  on  a  use  of  the  Chinese 
Remainder  tneoreui.  Tnis  tec unique  results  in  a  siguixicant  reduction 
in  the  memory  requirements  of  the  pruoiem.  It  is  shown  more  generally 
that  tor  g— '•“p^  P2-« -P^ -®^»2  **  *\ #  w**eie  m^*p^ for  Ki<Jt*  taoles  ox  m^ 
elements*  a*,,  elements,  .  ..*0^  elements  also  can  be  used  to  find  logs 
and  antilogs  over  GF(g)  .  In  the  latter  metboo*  further  reductions  in 
tae  memory  requirements  are  acnieved*  nowever*  at  tae  possible  expense 
of  a  greater  number  of  operations. 

*«*****»«**•**#««**<> 

—  I.S.  fieed*  T.K.  Truong*  **A  hew  Algorithm  for  Computing 

Primitive  fclements  in  ^F(g^)1**  submitted  to  1E££  Trans. 

Information  Tneocv.  (1  preprint  enclosed  with  this  report) 

A  new  method  is  developed  to  find  primitive  elements  in  tne  Galois 
field  of  g^  elements  Gf(g2),  wnere  g  is  a  dersenne  prime.  Such 
primitive  elements  are  needed  to  implement  transforms  over  GF(g^)  . 


****»*****»****♦**♦* 
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—  I. a.  Keed ,  T.K.  Huong,  C.— S.  Ken,  K.  tt .  Saao,  “An  Improved 
PPT  Algorithm  i.oc  Computing  f  wo-i>j.Eensionai  Cyclic 
Convolutions",  submitted  to  It  an  ‘icons.  Acoustics,  speech, 
and  signal  Processing.  (1  preprint  encxo^ea  witu  tnxs 
rep  or  t) 

in  this  paper,  an  improved  rat  polynomial  transform  i/PT)  xs  developed  - 
lor  computing  2— b  cyclic  convolutions.  In  this  new  procedure  the 
excess-complex  multiplications  lor  computing  the  required  polynomial 
produces  are  eliminated  hy  incorporating  them  into  the  fPT 

computation.  Also  new  algoritnns  are  derived  lor  computing  tne 
modulus  reductions  ana  reconstruction  ny  the  Chinese  remainder 
tneoreu.  It  is  snowu  that  tne  latter  algor xtnms  nave  a  structure 
similar  to  an  PPT— type  1  low —structure.  These  algorithms  reduce  the 
nuaner  ot  additions  and  shitts  needed  previously.  With  these  ;.e» 
methods  the  PPT  can  be  computed  with  a  more  systematic  structure. 

** # ********* ******* * 

—  X.K.  Truong,  I.S.  heed,  C.-S.  Xeh,  "Parallel  Architectures 

lor  Computing  Cyclic  Convolutions",  submitted  to  1EE 

Proceedings,  Part  h.  (1  preprint  enclosed  with  this  report) 

(This  paper  is  the  same  as  the  one  that  follows..) 

In  this  paper,  two  parallel  arcnitectural  structures  are  developed  to 

compute  one-dimensional  cyclic  convolutions.  The  first  structure  is 

oased  ’on  tne  Cninese  remainder  theorem  and  Kung*s  pipelined  linear 

array  in  [6,7j.  The  second  structure  is  a  directy  mapping  from  the 

mathematical  definition  of  a  cyclic  convolution  to  an  architectural 

design.  T'o  compute  a  ch-vomt  cyclic  convolution  the  first  structure 

needs  d/2  inner  product  cells,  wniie  the  second  structure  and  Kuag*s 

linear  array  in  (.bj  require  u  cells,  however,  to  compute  a  cyclic 


convolution#  the  becorm  buuctute  requires  less*  time  than  both  the 
first  structure  ana  hung*s  linear  array.  Another  application  or  tae 
second  structure  is  to  multiply  a  Toeplxtz  matrix  by  a  vector.  A 
tanle  is  listed  to  compare  tnese  two  structures  aud  Kuny *s  linear 
array  in  [3j.  doth  structures  are  simple  and  regular#  aad  there  lore 
suitable  tor  VLSI  implementation. 

m*«**MM*«*****t* 

—  T.K.  Truong#  L.S.  heed#  C.-S.  Yen#  "A  Parallel  Architecture 
for  Coeputiny  Cyclic  Convolutions'*#  accepted  ior  publication 
in  TBNCON  *32#  Hong  Kong.  (1  preprint  enclosed  vita  this 
report) 

In  this  paper#  a  parallel— pipeline#  radix— x  architecture  is  proposed 
to  implement  the  fat  polynomial  transform  iPPT)  .  It  is  shown  chat 
sucn  a  structure  can  oe  used  to  efticiedtly  compute  a  two-dimensional 
convolution  of  a^xd2  complex  number  points#  where  a^»2nv“r+1  and  a2-2m 
for  1<r<*. 


—  T.K •  Truong#  I.S.  Heed,  C.-S.  Xeh#  "The  VLSI  Architecture 
for  a  FIB  Digital  Filter  Using  Complex  Number— Theoretic 
Transforms1*#  submitted  to  I£2£  Trans.  Acoustics#  Speecn  and 
Signal  Processing.  (1  preprint  enclosed  with  this  report) 


In  this  paper  a  parallel  pipeline  architecture  is  developed  to  compute 
the  linear  convolution  of  two  sequences  of  arbitrarily  long  lengths 
with  a  complex  number— theoretic  transform  (CNT)  .  In  particular  a 
pipeline  structure  similar  to  ftuug  *s  linear  array  is  designed  to 
compute  a  243— point  CNT •  This  CUT  requires  only  additions  and  bit 


rotations*.  This  CN i  is  used  in  conjunction  with  a  generalized 
overlap— save  tecanigue  to  compute  a  linear  convolution  of  two  complex 
sequences  ot  arbitrarily  long  lengths,  a  parallel  architecture  xs 
developed  to  realize  thxs  generalized  overlap— save  scheme  with  one  CNT 
and  several  inverse  CUT  ot  148  points.  Finally,  it  is  shown  that  tne 
generalized  overlap— save  aethoa  with  couplexc  number -theoretic 
transforms  solves  the  conflict  between  long  transform  lengtns  and  a 
wide  dynaaxc  range  of  the  number— theoretic  transform.  This 
architecture  is  regular,  simple,  and  expandanle,  and  therefore 
naturally  suitable  tor  VLSI  implementation. 

******************** 

-  T.K.  Truong,  l.S.  Reed,  C.-S.  Xeh,  a.H.  Shao,  nA  Parallel 
VLSI  Architecture  tor  a  Digital  Filter  ot  Arcitrary  Length 
Usiong  Fermat  Numoer  Transforms**,  accepted  for  publication 
in  iEtt  International  Con r ere nee  on  Circuits  and  Computers, 

1982,  New  For*.  (1  preprint  enclosed  with  this  report) 

In  this  paper  .a  parallel  architecture  is  developed  to  compute  the 
linear  convolution  of  two  sequences  of  arbitrary  lengths  using  the 
Fermat  number  transform  (FnT)  .  In  particular  a  pipeline  structure  is 
designed  to  compute  a  12s-pomt  FNT.  In  this  FNT,  only  additions  and 
bit  rotations  are  required.  A  standard  barrel  shifter  circuit  is 
modified  so  that  it  performs  the  required  bit  rotation  operation. 

The  overlap- save  metnod  is  generalized  for  the  FNT  to  compute  a  linear 
convolution  of  arbitrary  length.  A  parallel  architecture  is  developed 
to  realize  tnis  type  ot  uverlap-suve  methou  using  one  FNT  and  several 
inverse  FNT *s  of  lab  points.  The  generalized  overlap— save  metnod 
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alleviates  the  usual  dynamic  raug«  limitation  in  Ft»f*s  ot  xony 
transform  leugtas.  Its  arcnitecture  as  regular,  sample,  and 
expandabxe,  and  therefore  naturally  suitanxe  rot  v Lsi  implementation* 

—  T.K.  Truouy,  I.b.  Reed,  R-  iipes,  a*  Rubin,  s.  butman, 

"Day xta±  SAn  Processing  Using  a  Past  Polynomial  Transform", 
submitted  to  I2bE  Trans.  Acoustics,  Speech  and  Signal 
Processing.  (1  preprint  encaosea  with  this  report) 

In  this  paper,  a  new  digital  processing  algorithms  is  developed  for 
producing  images  from  SEASaT  synthetic  aperture  Radar  (SAR)  data. 
Sucn  SEAbAT  operates  in  the  st remapping  node.  This  algorithm  applies 
the  last  polynomial  transform  (PPT)  ror  computing  the  two— dimensional 
cyclic  correlation  ot  tne  raw  ecno  data  witn  tne  impulse  response  or  a 
point  target.  This  two-dimensional  correlation  algorithm  solves  the 
range  migration  proolem.  It  is  demonstrated  tnat  this  Sar  processing 
technique  is  readily  implemented  on  a  general  purpose  computer. 
Actual  results  of  SEA5AT  SAR  imagery  are  given  in  thos  paper. 

************* ******* 

—  T -K .  Truong,  I.S.  Reed,  I.-5.  Bsu,  K.  Bang,  C.-S.  leh,  "Tne 
VLSI  Design  of  a  Reed—  Solon  on  encoder  Using  BerleJc  amp's 
Bxt -Serial  Multiplier  Algorithm",  submitted  to  IEEE  Trans. 
Computers.  (1  preprint  enclosed  witn  this  report) 

Berlekamp  has  developed  for  the  California  Institute  ot  Technology  Jet 
Propulsion  laboratory  (JPL)  a  bit -serial  multiplication  ulgoritnm  for 
the  encodiug  ot  Reed— soiomon  (hB)  codes,  using  a  dual  basis  over  a 
Galois  field.  The  conventional  hb— encoder  for  long  codes  orten 


requires  ioox— up  ta  Diets  to  perform  the  multiplication  ot  two  field 
elements.  BerleKamp *s  algorithm  requires  only  shifting  ana 
Exclusive— O a  operations.  It  is  snovn  in  tnis  paper  taut  tne  new 
dual— basis  (255 ,223)  BS— encoder  can  oe  realized  readily  on  a  single 
VLSI  chip  witn  Nfi OS  tecnnology . 

K.  FBAMB  SYNCHROS 1ZATIQM 

»«*«*M»*****M*#M* 


—  E.A.  Scholtz,  "Prase  Synchronization  Techniques'*,  I  feet 
Trans,  on  Coamanications.  pp.  1204— 1213,  Aug.  1*60.  (30 

copies  sent  with  prior  report) 

a  basic  theory  oi  irate  syncaronization  xor  a  single— channel  digital 
communication  system  is  presented,  along  with  extensive  references  to 
the  literature.  The  design  of  frame  markers  is  discussed  and 
comparisons  are  drawn  with  more  exotic  tecnnigues  such  as  coaaa— tree 
coding . 

«*»»**»**f*MMMM* 


—  B.A.  scholtz,  "Frame  Synchronization  Concepts",  National 
Radio  Science  fleeting,  boulder,  Colorado,  January  12—16, 
1H81.  (Abstract  only,  sane  as  above.)  (1  copy  sent  with 
prior  report) 


—  V.K.W.  Wei,  and  B.m.  scholtz,  "on  the  Characterization  of 
Statistically  Sy  ncnronizable  codes",  lire.  Trans.  on 

Information  Tneorv.  Nov.  1*60.  (oO  copies  sent  with  prior 
report) 


The  class  of  ail  iixeu— length  statistically  synchconizabie  codes  way 


be  completely  characterized  in  several  ways.  A  simple  condition  tor 
determining  statistical  syncnronizability  is  demonstrated. 

L.  SPBSAB  SPBCTBOH  SIGHAL  PBSIGH 

—  Olsen,  J.D.,  bcboltz,  tt.A.,  and  welch,  L.H.,  "Bent— Function 
Sequences",  accepted  tor  publication  in  IfiSE  Frans,  on 
Information  Theory .  December  19t»2.  (1  revised  copy  enclosed 

with  this  report) 

In  this  paper  we  construct  a  new  family  of  nonlinear  binary  signal 
sets  which  achieve  belch's  lower  bound  on  simultaneous  cross- 
correlation  and  autocorrelation  magnitudes. 

Given  a  parameter,  n  vita  n-0  imod  4)  tne  period  of  tne  sequences  is 

2°— 1,  the  number  of  sequences  in  the  set  is  2 w  ana  the  cross/auto 

n/2- 

correlation  function  has  three  values  with  magnitudes  £  2  +1.  rhe 

n/4  n 

equivalent  i-inear  span  cf  the  codes  is  upper  Bounded  by  VI 

1=0  vi 

Tnese  new  signal  sets  have  the  same  size  and  correlation  properties  as 
the  small  set  of  Aasami  codes,  nut  they  have  important  advantages  for 
use  in  spread  spectrum  multiple  access  communication  systems.  First 
the  sequences  are  "balanced"  which  represents  only  a  slight  advantage. 
Second,  the  sequence  generators  are  easy  to  randomly  initialize  into 
any  assigued  code  and  hence  can  be  rapidly  "hopped"  from  sequence  to 
sequence  tor  code  division  multiple  access  operation.  host 
importantly,  the  codes  are  nonlinear  in  that  the  order  of  the  linear 
difference  equation  satisfied  by  toe  sequence  can  be  orders  of 
maguitude  larger  than  the  numuer  of  memory  elements  in  the  generator 
tnat  produced  it.  fnis  nign  equivalent  linear  span  assures  that  tne 
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code  sequence  cannot  be  readily  analj  i.ec  by  a  supnist rented  enemy  and 
then  used  to  neutralize  the  advantages  ot  the  spread  spectrum 
processing • 

—  it  .A.  Schoxtz,  "Optimax  COHA  Codes'*,  national 

1‘elecoa mum cations  Coni*  hecord.  Washington,  O.C.,  Novemoer 
1979,  pp.  54.2.1—4.  (jU  reprints  sent  witn  prior  report) 

This  paper  surveys  several  known  sequence  sets  which  may  be  used  as 
pread  spectrua  codes  in  code— division  multiple-access  communication 
systems.  All  ot  the  designs  basically  achieve  Welches  lower  bound  on 
the  maximum  value  ot  periodic  cross— correlation  between  signals  and 
are  optimal  in  this  sense. 

*#*•*4 1  ******* ******* 


—  Scholtz,  B.A.,  Kumar,  P.tf.,  and  Welch,  L.B.,  "A 
Generalization  ot  Bent  Functions",  1982  International 
Symposium  on  Intormation  Tneory,  Les  Arcs,  France,  (abstract 
only)  (1  copy  sent  with  prior  report) 

in  this  paper,  Bothaus*  detinition  ot  a  bent  function  is  extended  to 

k 

include  a  auch  larger  class  ot  tunctions  as  tollows:  Let  denote 

the  set  ot  k— tuples  with  elements  drawn  troa  the  set  ot  integers  mod 

g,  and  let  w  be  a  q  root  ot  unit  tor  arbitrary  integral  g.  Then,  a 

function  f  (x)  from  to  Jg  is  defined  to  be  bent  if  the  Fourier 

f  (x) 

ccetzicients  of  k  all  have  unit  magnitude.  A  large  class  of  such 
bent  functious  is  exhibited  and  their  properties  examined. 


—  Kumar,  P.V.,  and  schoxtz,  B.A.,  "bounds  on  the  Linear  span 
ot  Bent  Sequences",  submitted  to  the  life  Transactions  on 


bO 

Intonation  Theory.  (1  prepn nt  sent  t>itb  prior  icpuct) 

Recently  ,  Olsen ,  Scnoltz  ana  Welch  presented  families  ol  binary 

sequences  caned  ben t— function  sequences  which  are  generated  through 

nonlinear  operations  on  a— sequences.  These  rauxia.es  of  sequences 

possess  as yap to—  txcaily  optimum  correlation  properties  and  large 

equivalent  linear  span  itLS)  .  In  this  paper,  upper  and  lower  bounds 

to  the  ELS  of  bent— function  sequences  ore  derived.  The  upper  bouad 

improves  upon  K ey*s  upper  oouno  and  tne  lower  bound  obtained  through 

,*/\  n/4 

construction,  exceeds!  U  where  n  is  the  length  or  the  shift 

n/47 

register  generating  the  w-seguence.  au  interesting  geuerai  result 
contained  in  the  derivation  is  the  exhibition  of  a  class  or  nonlinear 
sequences  having  large  r.ri>. 

******************** 

—  P.V.  Kumar,  h.A.  schoitz ,  and  L.tt.  rielch,  "Generalized  Bent 
Functions  and  Their  Properties",  submitted  to  the  Journal  on 
Coe  bind  tonal  Theory.  [1  preprint  enclosed  with  this  report) 

let  J  denote^the  set  or  a— tuples  over  the  integers  modulo  q  and  set  i 
»  /— 1,  v  =»  e*"^.  As  an  extension  or  Bothaus*  notion  of  a  bent 
function,  a  function  t,  f  :  3”  is  caiied  bent  if  ail  the  Fourier 

coefficients  of  v  nave  unit  magnitude.  An  interesting  result  snows 
that  it  is  lamateriai  as  to  which  particular  coapiex,  primitive, 
g**1  root  w,  of  unity  is  used  in  defining  a  bent  function.  The  nature 
of  the  Fourier  coefficients  ol  a  Lent  function  is  exaaineu  as  a  proof 
for. tne!  non— existence  of  bent  runctions  over  Jg,  u  odd,  g=i(aou  4), 
given.  For  every  other  possible  varue  of  g  ana  a,  constructions  of 
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bent  functions  die  proviaed. 

M.  SPREAD  SPECTRUM  COMMU MICATIOHS  HISTORY 

—  Scholtz,  A. a.,  "The  Origins  o t  spread  Spectrum 

Communications",  Ihsg  Trans,  on  Coomunications.  Kay  !Se2 , 
pp.  d22— B54.  (20  ctpcints  sent  wxtn  prior  report) 

This  monograph  review  events,  circa  1^x0— 1S60,  leading  to  tne 
development  of  spread— spectrum  com  a  uux  cation  systems.  The  WdXR, 
Hush— Up,  bLADES,  Psc— A/RaJce,  CGDuRAC,  and  ARC— 50  systems  are  featured, 
along  with  a  description  of  the  prior  art  in  secure  co*  a  uni  cations, 
and  introductions  to  other  early  spread— spectrum  communication 
ef torts.  References  to  the  available  literature  from  tnxs  period  are 
included . 


M.  SENSOR  AH HA I  PH PC ES SI  MG 


—  Eisenaart,  B.S.  and  Scuoitz,  R.A.,  "Coupled  Phase— Tracking 
Loops  for  Betrodirective  Array  Systems,"  Proceed mus  of  the 
Rational  Telecommunications  Conference.  IrEc.,  December  "Wei, 
pp.  D4.4. 1— D4 .4 .7 .  (20  copies  sent  wxth  prxor  report) 


A  method  of  coupling  phase— locked  loops  in  tne  element  receivers  of  a 
retrod  irective  array  is  developed.  Under  certain  linearizing 
assumptions  it  is  shown  that  tracking— loop  performance  is  comparable 
to  that  achieved  by  a  single  trackiny— loop  operating  on  the  output  or 
an  ideal  phased  array  antenna  system. 


O.  APPROXIMATION  OF  SYSTEMS  AND  SIGNALS 


—  L.  Pernebo  ana  L.M.  Siiverman,  "balanced  systems  and  Model 
Reduction,"  Proc.  18t-i  UnE  Cont.  on  Decision  and  Control. 
Dec.  12—14,  1^7*#,  pp.  hob— bo7.  (ho  Abstract)  (jQ  copies 


sent  with  prior  report) 

******************** 

—  H.  Bettayeb,  L.M.  Silverman,  and  a.  G.  s^.tonov,  “Optimal 
Approximation  or  Continuous  rime,'*  Proc.  l&BS  Conference  on 

Decision and  Control,  Dec.  1»t>o,  pp.  lyb— 106.  (30  copies 

sent  with  prior  report) 

In  £  1J,  the  problem  of  optimally  approximating  a  discrete— time  system 
by  a  lower-order  system  was  solved  based  on  a  remarkanie  theoretical 
result  of  Adaajan,  Arov  ana  Krein  [ij.  In  this  paper ,  we  derive 
similar  reduced  models  for  con  tin uous— time  systems  using  a  new 
approach  based  on  the  system  structure  of  the  finite  dimensional 
model.  Concrete  algorithms  are  developed  ror  finding  approximations 
of  any  specified  order.  ‘Ihese  approximations  are  optimal  in  a  well 
defined  sense. 

******************** 

—  S.  Snokoohi,  L.3.  Silverman,  and  P.  Van  Dooien,  “Stability 
of  Balanced  time— Variable  System  Approximations,"  Proc.  of 
the  I  Big  Conference  on  Decision  and  Control.  Dec.  1330,  pp. 
500-603.  (oO  copies  sent  witn  prior  report) 

A  uniformly  Balanced  realization  for  time— varying  systems  is  defined. 
Such  a  framework  nas  many  remarkable  properties  and  leads  to  a  natural 
setting  for  performing  model  reduction.  It  turns  out  that  in  many 
cases  a  reduced  model  preserves  the  properties  of  the  original  model. 
In  this  paper  stability  of  the  reduced  systems  is  fully  explored. 


—  S.  Snoxoohi,  L.a.  Silverman,  and  P.  Van  Dooren ,  "stable 
Approximation  of  lime— Variable  systems",  Proc.  of  the  IFAC. 
International  Federation  on  Automatic  Control.  1981,  pp. 

98— 103.  (20  copies  sent  Wj.th  prior  report) 

The  authors  previously  introduced  the  notion  ot  a  "unitormly  balanced" 
realization  for  time— variable  systems.  Tnis  representation  is 
characterized  by  the  fact  that  its  controllability  and  observability 
gram  mans  are  equal  and  diagonal.  Sue  a  a  framework  has  many 
remarkable  properties  and  leads  to  a  setting  where  the  subsystem  can 
be  taken  as  reduced  model  for  time— variable  systems.  It  rums  out 
that  once  the  stability  of  a  suosy stem  is  guaranteed,  then  the 
subsystem  preserves  many  ot  the  properties  of  the  original  system.  In 
tnis  paper  the  stability  of  subsystems  is  fully  explored. 

—  S.  Shokoohi  and  L.tl.  Silverman,  "flodei  Reduction  of  Discrete 
Time— Variable  Systems  Via  balancing**,  Proc.  of  the  20tn  I&zz 
Conf.  on  Decision  and  Control.  1981,  pp.  118—122.  (20  ccpies 
sent  vita  prior  report) 

Linear,  discrete,  time— variable  systems  are  considered  and  an 
important  class  of  uniform  realizations  is  defined.  The  necessary  and 
sufficient  conditions  for  a  pulse  response  to  be  uniformly  realizable 
is  obtained.  Two  model  reduction  schemes,  one  via  Balancing  and  the 
other  via  bank  el  matrix  are  proposed.  It  is  shown  that  the  two 
approaches  yield  an  identical  reduced  model  which  is  always 
asymptotically  stable. 


******«»*»*«*♦♦***♦* 
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—  fc.A.  Jonckneere,  ft.tt.  sarauov,  and  L.M.  SilveLoau,  “Topology 
Induced  toy  tne  hankel-Nurm  in  the  space  of  Transfer 
Hat  rices**,  Eroc.  oi  the  2Uth  ihdn  Cent,  on  Decision  and 
Control .  1*bi,  pp.  Ilo— 1/^*.  (*0  copies  sent  with  prior 

report) 


It  is  shown  that  the  Hankel  norm  induces  a  topology  in  tne  space  of 
transfer  matrices  which  is  too  weak  m  general  for  studying  stanility 
of  feedoack  systems. 

m*****m«********** 

—  B.  Lasngari  and  L.tt.  Silverman,  “Approximation  of  Z—D  Neakly 
Causal  Filters**,  lith  Trans,  on  Circuits  and  Systems,  vol. 

CAS— 2s*,  July  1*82,  pp.  4di— 4b6.  (20  meprints  sent  with  tnis 
report) 

A  technique  for  approximating  2—0  weakly  causal  filters  oy  recursive 
ones  is  presented  which  also  includes  the  design  of  nonsyaaetric 
half-plane  '  (SShP)  filters.  An  example  is  given  to  illustrate  tne 
proposed  technique. 

******************** 


S.  Shoxoohi,  L.fl .  Silverman  and  P.  Van  Dooren,  “Linear 
Time— Variable  Systems:  Balancing  and  Hodel  Seduction**,  to 
appear  in  IfcBfc  Trans,  on  Automatic  Control.  (1  preprint 
sent  with  this  report) 


A  “uniformly  oalanced“  realization  for  linear  time— variable  systems  is 
defined.  This  representation  is  characterized  toy  the  fact  that  its 
controllability  anc  observability  grammians  are  equal  and  diagoual. 
Existence  and  uniqueness  of  the  uniformly  balanced  realization  is 
stuaied.  Sucn  a  framework  has  many  remarkable  properties  and  ieaas  to 
a  novel  method  for  approximating  time— variable  systems,  wnere  tne 


sunsystems  of  the  Daionceu  realization  can  bs  taken  as  a  reduced 
model.  Iae  reducta  model  is  examined  from  the  point  or  vie*  of 
stability,  controlxannity  and  cos  erv  anility . 

—  a .  Lashgari  and  L.d.  Silverman,  "Cascade  idealization  or  2— D 
Separable  iu  denominator  Filters" ,  to  appear  in  Circuits . 

Svs teas _ and  Signal _ Processing  .  (1  preprint  enclosed  with 

this  report) 

After  selecting  the  most  suitable  model  for  the  class  of 
two-dimensional  yurter-plaue— causal,  recursive,  and  separable  in 
denominator  (CIS L)  filters,  a  procedure  ior  realizing  a  cascade  system 
of  sucn  filters  is  developed.  Tne  realization  utilizes  tne  individual 
CHSD  Hodeis  constituting  tne  cascade  system.  An  example  is  given  to 
further  illustrate  tne  tecnuigue. 

P.  CODE  TBACKIHG  OF  SPREAD  SPBCTBUH  HAVEFOBBS 

—  A.  Polydoros,  and  C.L.  Weber,  "on  tne  Analysis  and 

Optimization  of  Correlative  Code  Tracking  Loops",  I£E£ 
Trans,  on  Coas.anications .  (Accepted  tor  publication)  (1 
preprint  sent  with  this  report) 

The  purpose  ot  tnis  paper  is  to  apply  the  renewal  theory  approach  tor 
analyzing  aperiodic  finite  2-curve  code— tracking  loops  developed  oy 
fleyr  [8  j  to  tne  case  of  a  nonconerent  arbitrary  offset  early/late 
delay— locked— loop  ("noncoherent  d— DLL") •  The  exact  (renewal)  approach 
is  compared  with  tne  approxun ate  (periodic  extension)  approaca  of 
using  tne  periodic  s-curve  or  phase— locked— loop  theory,  «s  well  as 
witn  tne  linear  tneory  developed  nereiu  tor  tne  aforementioned 
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code- 1  Lacking  loop.  Jr  in  ally,  loop  opr.iuiZut.ion  with  respect  to  the 
offset  d  is  carried  oat  accoruiny  to  per  tore  auce  criteria  ciiscus.se  a  m 
the  Introduction,  rhe  leouits  indicate  chat,  tor  iow  s«h,  the  exact 
ana  approximate  theories  coula  deviate  significantly  while,  tor  high 
Shfa,  all  three  theories  yield  identical  performance ,  as  expected. 
Furthermore,  it  is  shown  that  the  optimal  d  tor  both  low  aha  high  StlR 
ditiers  troi  the  commonly  accepted  cnoice  d=l/d. 

O.  THICK IMG  OF  DIGITALLY  MODULATED  SIGNALS 

» 

—  C.L ■  Ueoer  and  it.  Alem,  nDeaod— heaod  Coherent  fracking 
Receiver  tor  v?PbK  and  b^FSK,  lilt  leans.  on  Comunicatioas . 
vol.  con- id,  No.  lx,  pp.  lynb-iyon,  bee.  19bu.  (do  copies 
sent  witn  prior  report) 

A  deaod—  reaod  conerent  trading  loop  tor  QPSK  and  SQPSK  is  describea 
and  analyzed.  This  type  receiver  is  attractive  since  all  of  the 
available  signal  power  is  despread  and  used  to  generate  the  trading 
error  signal  when  the  pulses  reaching  the  nonlinear! ties  are 
rectangular.  The  saae  aeaod-ceaud  circuit  is  widely  used  for 
bandiimited  pulses,  for  which  less  than  hull  power  is  converted  to  the 
carrier  phase  error  signal. 

All  systea  parameters  pertinent  to  system  performance  are  enumerated. 
The  etfects  of  tne  IF  and  arm  filters  on  the  statistics  ot  the  noise 
are  determined.  With  respect  to  tne  signal,  the  filters  ace 
considered  ony  insofar  as  they  reduce  the  delivered  signal  power.  It 
is  demonstrated  how  a  tracking  phase  error  converts  some  ot  the  signal 
power  into  additional  noise  power.  The  results  or  performance 
computation  are  presen tea. 


******************** 


—  C.L.  taeber  dad  w.k.  Ale*,  "Pert or*ance  Analysis  or 
Denod— Bemod  Coherent  Receiver  lor  fcPhh  and  s^Pi»K  Input’*, 
Tr^ns.  on  Communications.  Vox.  COn— 2d,  No.  6,  pp. 
1954—1963,  Cecemner  i960 .  (20  copies  sent  with  prior 

reoort) 


a  deaod -resod  coherent  tracking  loop  for  CFSK  and  SQFSh  is  described 
ana  analyzed  in  [1j.  Those  results  are  used  to  obtain  the  power 
spectral  density  of  the  equivalent  noise  ot  tne  tracking  loop  and  tne 
probability  density  function  of  the  steady  state  phase  error.  The 
efrects  of  the  If  and  ars  filters  on  the  statistics  or  tne  noise  and 
QPSK  signal  are  developeo.  The  results  of  performance  cusp utat ions 
are  presented. 


gs.PERPpIjBAHCE.pP  SPBKAD.  SPEC?gOH  STSTEHS  IH 
A  flULTIPLE  ACCESS  EjITiaOMBEMT 


********* *********** 


—  C.L.  Weber  anil  G.K.  Huth,  **Perf  or  nance  Considerations  of 
Code  Division  a  u  It  ip  le— Access  Systeas**,  IEEE  Trans,  on 
Vehicular  Technology.  Feb.  1981.  (20  reprints  sent  with 

prior  report) 

The  performance  of  code  division  multiple-access  (CDdA)  systeas  is 
determined  using  direct-sequence  spectral  spreading.  Asynchronous 
users  are  assumed  so  tnat  tnere  is  no  network  control.  Under 
relatively  ideal  conditions,  the  degradation  in  systen  performance  as 
a  function  of  the  nuaoer  of  users  is  snown  to  nave  a  tncesaold  effect. 
The  basic  limitation  in  the  number  of  users  ot  the  system  is  further 
limitec  if  tne  powers  are  unequal.  For  two  users,  systen  performance 
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<ts  a  t unction  ot  tneir  power  ratios  also  nas  a  tucesnold  effect. 
System  performance  us  a  function  of  the  cmount  of  spectral  spreading 
is  determined.  Tne  performance  of  notn  coced  and  uncoded  systems  is 
predicted. 


—  Cd>  Weber  and  G.K.  buth,  "Performance  Considerations  of 


Frequency  hopping  Multiple 


Access**,  Proc.  of  the  National 
pp •  oy. 4.1-oy.4.5,  Houston, 


Texas,  Dec.  1980.  (do  copies  sent  with  prior  report) 


lue  basic  system  parameters  ox  a  frequency— hopping  multiple— access 
system  are  investigated .  Non— coherent  binary  FSK  and  fl-ary  FSK  signal 
formats  are  studieu  in  a  random— access  asyncaronous  environmeuc.  both 
slow  and  fast  frequency  hopping  are  considerea. 

■» 

Under  relatively  ideal  condxtxos,  tne  degradation  in  performance  with 
respect  to  the  number  of  users  is  determined.  The  dependence  on 
performance  due  to  hopping  rate  and  bandwidth  constraint  is  developed, 
it  is  shown,  for  example,  that,  tor  fast  hopping,  the  optimum  nopping 
rate  is  that  waich  spreads  tne  users*  power  over  tne  entire  available 
bandwidth  during  each  baud  time.  This  agrees  with  the  basic  spread 
spectrum  pnilosophy  ot  making  the  signal  appear  white  over  a  wide  a 
bandwidth  as  possible. 


The  computational  results  describe  tne  trade-off  between  tne  numoer  ot 
tones  in  0— ary  PSK  and  the  number  ot  hops  per  symbol.  Given  a 
specified  number  ot  tones  in  tne  frequency -o opping  system,  tne  results 
describe  the  manner  m  which  the  system  ue grades  a  the  numoer  of  users 


is  increased 


—  C.L.  Weoer,  G «K .  Hath  and  ».d.  bat son,  "Performance  of 
Code— Division  Hul  tipi  e— Access  Systems'*,  aecocd  of  tne 

International  Conference  oo _ Communications.  Seattle, 

Washington,  June  19U0,  pp.  15.0.1—10.0.5.  (30  copies  sent 

with  prior  report) 


The  performance  of  code  division  suit! pie-access  (CDH4)  system  is 
deterained  using  direct  sequence  spectral  spreading.  Under  relatively 
ideal  conditions,  the  degradatxon  in  system  pertoraance  as  a  fuuctxon 
of  the  nuaner  of  users  is  shown  to  have  a  threshold  effect.  This 
basic  limitation  in  the  nuaner  of  users  of  the  systea  is  further 
United*  if  the  powers  are  unegual.  for  two  users,  systea  performance 
as  a  function  of  their  power  ratxo  also  has  a  threshold  effect. 
Systea  performance  as  a  function  of  the  amount  of  spectral  spreading 
is  deterained.  The  pertoraance  of  both  coded  and  uncoded  systems  is 
predicted. 


g*-ASflBisiBflg  gjm  aisiigfl-aAiafliflg 


—  D.H .  DiCarlo  aud  C.L.  Weber,  "Statistical  Pertoraance  of 
Single  Dwell  Serial  Synchronisation  Systems",  Proc.  NTC  *79. 
Washington,  D.C.,  Mov.  26-29,  1979,  pp.  24.2 ^V-5.  (30 

copies  sent  With  prior  report) 


Tne  pronabilxty  of  successful  syncnronization  for  a  single  dwell 
serial  synchronization  system  is  derived.  Thxs  probability  is  a 
function  of  the  number  of  celis  searched  and  xs  expressed  xn  terms  of 
the  following  four  parameters:  the  dwell  per  cell,  the  detection  and 
false  alarm  probabilities  aud  the  penalty  tine  for  a  false  alarm. 


Numerical  results  are  presented  to  shot*  the  relationship  let ween  these 
parameters  and  systen  performance. 

********* *********** 

—  C.L.  Heber  aad  D.n.  DiCarlo,  "dultiple  Dwell  Serial 

Synchronization  oi  Pseudo  noise  bxtjnais".  Proceedings  of _ the 

International  Communications  Conrerence.  Ibbi,  June  *«»!, 
pp.  34.4.1— b.  (10  copies  sent  with  prior  report) 

A  generalized  multiple  dwell  serial  search  technique  suitable  ror 
coarse  synchronization  of  pseudonoise  signals  is  described.  The 
advantage  oi  the  aultiple  dwell  procedure  is  that  the  examination 
period  need  not  be  taxed,  thus,  incorrect  alignments  can  oe  quickly 
discarded  resulting  in  a  shorter  synchronization  time  than  is  possible 
with  a  fixed  dwell  time  system. 

Theoretical-,  coherent  detector  characteristics  ace  then  used  to 
investigate  the  performance  oi  the  multiple  dwell  serial 
synchronization  technique  tor  pseudonoise  signals.  It  is  saown  that 
the  aultiple  dwell  technique  can  reduce  the  mean  synchronization  time 
and  standard  deviation  by  a  t actor  of  taree  tros  that  obtained  with  a 
dwell  system.  It  is  also  observed  that  the  effects  of  a  penalty  tine 
for  a  system  false  alars  can  also  be  nearly  eliminated  by  using  the 
multiple  dwell  technique. 


—  C.L.  Keber  and  D.  DiCarlo,  "Statistical  Performance  of 
Single  Dwell  Serial  Synchronization  Systems",  IhBfs  "Tens,  on 
Communications.  Vox.  CCfl-lb,  mo.  8,  pp.  tabs— Udb,  mug. 
14b0.  (30  copies  sent  with  prior  report) 
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Single  dwell  serial  starcu  techniques  are  useful  fur  coarse  ties  aua 
frequency  synchronization  ot  spread  spectrua  systems.  k  valuable 
system  performance  criterion,  namely  tne  portability  of  successtul 
syncnronization  lor  a  single  dwell  serial  synchronization  system  is 
derived.  The  probability  is  a  function  of  tne  number  of  cells 

searched  aua  is  expressed  in  terms  of  the  foxlowing  four  parameters: 
the  dwell  per  cell,  toe  detection  and  false  alarm  probabilities  and 

the  penalty  time  for  a  false  alarm.  Numerical  results  are  presentea 

to  snow  the  relationsnip  between  these  parameters  and  system 

performance. 

y**«i*M***y*f**MM* 

—  D.fl.  OiCarlo  and  C.L.  Weber,  "flultiple  Dwell  Serial 
Acquisition  of  Direct  Sequence  Code  Signals1*,  IEEE  Trans,  on 
Communications.  (Accepted  for  publication)  •  (1  preprint 

sent  with  prior  report) 

The  technique  of  multiple  dwell  seial  search  is  described  and 
analyzed.  The  advantage  of  tne  multiple  dwell  procedure  is  tnat  tne 
examination  interval  need  not  be  fixed,  allowing  incorrect  cells  to  be 
quickly  discarded,  which  in  turn  results  in  a  snorter  search  time  chan 
is  possible  with  a  fixed  dwell  tise  procedure.  This  type  of  search 
scheme  is  particularly  useful  for  direct  sequence  code  acquisition  in 
a  spread  spectrum  communication  system. 

An  expiession  tor  the  generating  function  is  obtained  from  a  flow 
graph  representation  of  the  multiple  dwell  technique.  The  generating 
function  is  used  to  develop  expressions  for  tne  mean  and  variance  ot 
the  search  time  in  terms  of  the  following  parameters:  the  dwell 


time  the  aetectiun  probaoility ,  the  false  alarm  pronabinty,  and  the 
talse  alarm  penalty  time.  Coherent  detector  characteristics  are  then 
used  to  investigate  the  performance  of  the  multiple  dwell  technique 
for  direct  sequence  cede  acquisition.  It  is  shown  that  the  multiple 
dwell  procedure  can  significantly  reduce  the  expected  acquisition  tiae 
froa  that  obtained  with  a  single  dwell  system. 

—  a.  Poiydoros  and  C.L.  Beber,  “Sapid  Acquisition  Techniques 

tor  direct— Sequence  Spreau  Spectrum  Systeas  Osing  an  Analog 
Detector",  Proceedings  of  the  hationax  Telecommunications 
Conference.  Ifit-iS,  December  lyol,  pp.  47.1.1-6.  (20  copies 

sent  earlier; 

A  rapid  acquisitiou  scheme  for  direct— Sequence  Spread  spectrum  systems 
(DS/bS)  is  described,  whereby  the  rate  of  the  "out-of— sync"  decisions 
is  an  integer  multiple  of  the  code  chip  rate.  The  acquisition 
philosophy  is  briefly  outlined  and  the  overall  scheme,  employing  an 
ideal  (analog)  detector,  is  analyzed  with  emphasis  on  the  acquisition 
tine  statistics.  Results  show  a  strong  dependence  of  performance  on 
threshold  settings  and  existing  signal— to-noise  ratio  (SNR) • 

***** *************** 

—  C.L.  Weoer  and  A.  Poiydoros,  "Worst  Case  Considerations  for 

Direct  sequence  PN  Acquisition",  Proc.  of  the _ National 

Telecommunications  Conference,  pp.  24. o. 1-5,  Sous ton,  Texas, 

Dec.  19b0.  (30  copies  sent  with  prior  report) 

Worst— case  detection  conditions  for  conerent  serial  acquisition  of  PN 
sequences  are  ueteiminea.  Signal -to— noise  ratios  (Shh)  which  are 
typical  in  the  spread  spectrua  environments  are  considered.  It  is 


snown  tnut  the  wotst-c ase  correlation  positions  ate  dependent  on  only 
tae  correlator  step  size,  but  these  positions  are  very  sensitive  to 
Stis.  At  very  low  Stttt  (— 3o  ab),  detection  performance  is  essentially 
independent  or  correlation  position  whereas,  at  higher  Suit  (—20  dB)  , 
perforaance  is  very  sensitive  to  correlator  position.  Both 
full— period  and  partial— period  correlations  are  considered. 

******************** 

—  A.  Poljdoros  and  C.L.  He^er,  MA  Unified  Approach  to  Serial 
Searcn  Acquisition  or  Direct  sequence  Spread  Spectrum 
Systeas",  1  £t£  Trans,  on  Coaiunications .  (Accepted  for 
publication)  (1  preprint  sent  with  prior  report) 

The  purpose  ot  this  paper  is  threefold:  first  to  give  an  overview  of 
the  acquisition  concept  in  spread  spec  true  systeas  by  classifying  the 
aain  features  of  the  currently  available  techniques  and  by  eapnasizing 
the  proper  aeasures  or  overall  systea  perforaance.  Second,  to  provide 
a  general  fraaework  for  predicting  the  acquisition  perforaance  ot 
systeas  with  fixed  dwell  tiaes.  this  is  done  by  extending  the 
previously  suggested  [2j|  approach  to  rlow-grapn  tecaniques. 

The  statistics  ot  acquisition  tiae  tor  the  single  dwell  [  2—3 ]  and 
V— Dwell  [5J  examples  are  shown  to  be  special  cases  of  tais  unified 
approach  to  acquisition. 

Pinal  ly,  the  general  theory  is  applied  to  an  exaapie  of  a 
fast— decision— rate  (matched  filter)  noncoherent  acquisition  receiver 
structure  in  a  direct  sequence  spreading  system.  ine  results 
illustrate  the  draaatic  dependence  ot  tae  mean  acquisition  tiae  on 
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system  parameters. 

T.  BIHABY  SBOOEMCES  WITH  MORE  AOTOCOBBBLATIOM  VALDES 

—  Hang  Ke  and  L.R.  Helen,  ••  binary  Sequences  with  Nou— Positive 
Autocorrelation  Values'*,  Acta  Electronics  Sinica.  Ho.  10, 
October  1962,  People's  hepublic  or  China.  (1  preprint 

enclosed  with  this  report) 

Baunert  dev elope a  tne  theory  of  binary  sequences  wirn  the  property  of 

transorthogonality  and  orthogonality  for  cyclic  shifts.  furyn 

investigated  the  existence  of  binary  sequences  with  small 

autocorrelation  values  in  terns  of  ain  noxta  !  where  a  is  the 

3  3 

periodic  correlation  ana  the  minimization  is  over  binary  sequences  of 
fixed  length.  In  this  paper  we  restrict  the  invetigation  to  cyclic 
correlation  and  drop  the  absolute  value  sign  m  the  ainaax  expression, 
'l'here  are  a  nuaber  of  channels  in  which  large  aagnitude  negative 
correlations  are  not  objectionable.  (Signal  design  for  a  laser 
channel  where  the  initial  detector  is  an  energy  pulse  detector  can  oe 
t emulated  into  the  present  context.! 

In  this  study  aany  binary  sequences  were  round  with  autocorrelation 
properties  in  between  transorthogonality  aud  orthogonality.  The  nose 
interesting  sequences  were  those  we  naaed  Yin— Yang  sequences  whose  out 
of  ^  phase  correlations  are  zero  except  for  T  equals  to  one  half  the 
period  when  the  value  is  negative.  Hithm  this  class,  an  infinite 
family  is  constructed. 

An  exhaustive  list  of  binary  sequences  with  non-positive  out-ot-pnase 
autocorrelation  lor  lengtns  4, 6, 12, 1b, 20,24,26,32, 3b, 40  was  obtained 


by  computer  search  anti  presented  at  the  end  of  this  paper. 

0.  SPECTBAL  SHAPING  BY  REDUNDANCY 

—  K.— C.  Liu,  “General  Method  ror  Computing  tne  Spectrum  tor 
Markov  Chains  where  Waverorms  are  Prooaoilistic  Functions  oi 
State  Transitions),  Pn.ri.  Dissertation,  Department.  of 
Electrical  Engineering,  University  of  southern  California, 

June  1981.  (1  copy  sent  with  prior  report) 

In  the  design  of  digital  communication  systems,  the  analysis  of  signal 
spectra  plays  a  very  important  role.  This  study  is  concerned  with  a 
digital  system  in  which  time  is  divided  into  intervals  and  in  each 
interval  a  waveform  associated  witu  a  message  symnol  is  transmitted. 
The  problems  m  our  discussion  are  the  selection  or  waveforms  ana 
message  redundancies  for  reliable  reception  m  a  noisy  channel  and  tne 
selection  of  message  and  waveform  structures  so  that  they  do  not 
interfere  witn  a  secondary  use  of  tne  signal  such  as  establisning 
frequency  and  phase  synchrony. 

In  this  paper  we  will  analyze  several  metnods  of  inserting  redundancy 
to  minimize  the  spectral  energy  near  zero  frequency.  When  the 
resulting  signal  is  modulated  onto  a  carrier,  the  resulting  signal 
will  then  have  minimal  interference  on  phase—; lock— loop  circuits  which 
establish  carrier  pnase  coherence.  The  primary  mathematical  tool  for 
this  analysis  will  ce  the  Markov  processes  with  a  finite  numner  of 
states  and  constant  transition  probabilities.  Tnere  are  many  problems 
for  which  the  state  space  is  very  large  ana  it  is  impractical  to  carry 
out  a  direct  evaluation  using  tne  traditional  metnods.  In  this  study 
we  develop  a  practical  method  for  computing  a  spectrum  of  Markov 
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chains  where  wave terms  are  probabilistic  functions  of  state 
transitions.  Using  this  metnod,  tne  calculation  procedures  are 
greatly  simpltied  for  problems  that  once  were  considered  as  difficult 
tasics . 

V.  COBBINATOBIAL  SEARCHES  FOB  GOOD  COPES 

—  J  -S  .  Soh.  Generation  of  Linear  block  Codes  oy  Combinatorial 
Algorithms.  In  .D .  Dissertation,  Department  of  Electrical 
Engineering #  University  of  Soutnern  California,  August  19o0. 

(1  copy  submitted  witn  earlier  report) 

This  dissertation  exaaines  a  combinatorial  existence  probieo  in  coding 
tneory  which  ,  on  tne  face  of  it,  is  impractical  to  solve  by  computer 
search.  And  it  develops  ideas  and  techniques  to  bring  the  problem 
within  the  ot  practicality  and  at  the  sane  tine  find  good 

error— correcting  group  codes  in  a  sense  that  the  codes  exceed  the 
Varsnaraov-Gilbert  lower  bound  in  binary  symmetric  channel  witu  r 
checf  bits  and  a  minimum  distance  d  among  codewords. 
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